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ABSTRACT 
 
 
 
 
 
Boron compounds have been known for thousands of years starting with the Babylonians. 
Natural boron exists as 19.9% of 10B isotope and 80.1% of 11B isotope. The 10B is used as a 
control for nuclear reactors, as a shield for neutron radiation, in instruments used for detecting 
neutrons and in 10B containing pharmaceuticals as an emerging binary therapy called boron 
neutron capture therapy (BNCT). 
 
Boron neutron capture therapy is an experimental combination of chemo- and radiotherapy: a 
10B containing pharmaceutical is administered to the patient, in whom it accumulates 
preferentially in to the neoplastic tissue. The tumour is then irradiated with neutrons. In the 
ensuing neutron capture reaction 10B absorbs neutrons and self-destructs releasing powerful 
but very short-range alpha radiation and recoil lithium in the tumour. For the Finnish BNCT 
clinical trials an aromatic amino acid, 4-dihydroxyborylphenylalanine (BPA) was chosen to 
be the first boron containing pharmaceutical. 
 
BPA synthesised via the asymmetric pathway by Malan and Morin was developed to be the 
boron containing pharmaceutical in the first series of Finnish BNCT clinical trials. The 
solubility of BPA was enhanced by complex formation with fructose. After completion of the 
development work BPA was administered to brain tumour patients in conjunction with 
clinical studies for development and testing of BNCT. We conclude that the synthesis 
development, complementary preclinical and clinical observations justify the safe use of BPA 
up to clinical phase III studies. 
 
Radiotracers are radioactive nuclide containing chemical species that are used as markers to 
follow the course of a chemical reaction, physical process or to show the localisation of a 
substance. When used in in vivo studies radiotracers are referred to as radiopharmaceuticals. 
In our studies a direct electrophilic radioiodinating method using Iodogen as an oxidant gave 
reproducible amounts of radioiodinated phenylalanine instead of radioiodinated BPA. 
 
Fluorine-18 is one of the most widely used clinical positron emitter. The radiofluorinated 
analogue of BPA, 4-dihydroxyboryl-2-[18F]fluorophenylalanine ([18F]FBPA), has been 
demonstrated to be a useful radiotracer in life sciences leading to PET patient studies for 
BNCT. In this work we have developed a concise procedure producing relatively high 
specific radioactivity [18F]FBPA for clinical studies. 
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1. INTRODUCTION 
 
 
1.1. Boron 
 
Boron compounds have been known for thousands of years starting with the Babylonians. The 
element was isolated in 1808 by Sir Humphry Davy (1778-1829), Joseph-Louis Gay-Lussac 
(1778-1850) and Louis Jacques Thénard (1777-1857). In 1824 Jöns Jakob Berzelius (1779-
1848) identified boron as an element. Name boron comes from the Arabic word buraq and the 
Persian word burah from borax (Na2B4O7 • 10H2O), the principal ore of boron. 
 
Extensive borax deposits are found in the Andes, in the Mojave Desert of California, USA, in 
Tibet and in Turkey. Pentahydrate species, tincalconite (Na2B4O7 • 5H2O), is used in large 
quantities in the manufacturing of insulation fiberglass. Boric acid (12), [B(OH)3], is an 
important boron compound in textile products. Boron compounds are used in the manufacture 
of borosilicate glasses. Boron is an essential mineral for plants. For humans the World Health 
Organization (WHO) classifies boron as a trace element that is probably essential (WHO 
1996). For example, there is experimental evidence to indicate that boron may be beneficial 
for optimal calcium metabolism (Hunt et al. 1997, Armstrong et al. 2000). 
 
Boron is an electron deficient element, possessing a vacant p-orbital. Compounds of boron 
often behave as Lewis acids, bonding with electron rich species. Boron is similar to carbon 
with its capability to form stable covalently bonded molecular networks. Boron compounds 
are being investigated for a broad range of applications, such as constituents of antibiotics 
(Dunitz et al. 1971, Kohno et al. 1996) and as anticancer bioconjugates (Prusoff et al. 1993, 
Luo & Prestwich 1999, Murmu et al. 2002, Paterson et al. 2003). 
 
Natural boron consists of 19.9% 10B isotope and 80.1% 11B isotope. 11 radioactive boron 
isotopes are known. The longest living radioactive boron isotope is 8B with the half-life of 
0.77 s. The 10B isotope is used as a control for nuclear reactors, as a shield for neutron 
radiation, in instruments used for detecting neutrons and in 10B-containing pharmaceuticals as 
an emerging binary therapy called boron neutron capture therapy (BNCT). 
 
1.2. Boron neutron capture therapy 
 
Boron neutron capture therapy is an experimental combination of chemo- and radiotherapy: a 
10B containing pharmaceutical is administered to the patient, in whom it accumulates 
preferentially in to the neoplastic tissue. The tumour is then irradiated with neutrons. In the 
ensuing neutron capture reaction 10B absorbs neutrons and self-destructs releasing powerful 
but very short-range alpha radiation and recoil lithium in the tumour (Taylor & Goldhaber 
1935, Locher 1936, Perks et al. 1988, Barth et al. 1990, Slatkin 1991, Barth et al. 1992, 
Carlsson et al. 1992, Sauerwein 1993, Savolainen & Kallio 1993, Barth & Soloway 1994, 
Flam 1994, Lundquist et al. 1994, Pignol & Chauvel 1995, Barth et al. 1996, Kallio et al. 
1996, Burian et al. 1997, Sweet 1997, Barth et al. 1999, Diaz et al. 2000, Barth 2003). The 
alpha and 7Li-particles released upon neutron capture by 10B have a very short range (5–10 
µm) and a high linear energy transfer (LET). Consequently, the lethal damage is restricted to 
the 10B containing cell and cells in its immediate vicinity. The most important component is 
the dose resulting from the 10B(n,α)7Li* reaction, Figure 1. All other dose components (e.g. 
gamma contamination of the incident neutron beam, 14N(n,p)14C* and 1H(n,γ)2H reactions or 
fast neutrons) involved with the neutron irradiation are non-selective (Seppälä et al. 1999). 
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10B + 1n [11B]*
4He2+ + 7Li3+ + 2.79 MeV (6%)
4He2+ + [7Li3+]* + 2.31 MeV (94%)
7Li3+ + γ (478 keV)
2
2
3
3
3
5 50
σth = 3838 barn
 
 
Figure 1. Boron neutron capture nuclear reaction, briefly 10B(n,α)7Li*. 
 
In early BNCT trials in the 1950’s and early 1960’s borax, boric acid, p-
carboxyphenylboronic acid [B(OH)2PhCOOH], sodium pentaborate (NaB5O8) and disodium 
decahydrodecaborate (Na2B10H10) (23), were used as pharmaceuticals (Godwin et al. 1955, 
Asbury et al. 1972, Slatkin 1991). Currently, among various synthetic boron compounds 
(Hawthorne 1993, Morin 1994, Wyzlic et al. 1994, Lesnikowski & Schinazi 1995, Gabel 
1996, Mehta & Lu 1996, Sjöberg et al. 1997, Soloway et al. 1998, Suominen 1998, 
Hawthorne & Lee 2003) only two compounds are used as pharmaceuticals: an aromatic 
amino acid, 4-dihydroxyborylphenylalanine [p-(2-carboxy-2-aminoethyl)-benzeneboronic 
acid, 4-boronophenylalanine, BPA] (1) and an inorganic salt; disodium 
mercaptoundecahydro-closo-dodecaborate (borocaptate sodium, BSH) (2), Figure 2. 
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1 2
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Figure 2. Structures of BPA 1 and BSH 2. 
 
1.3. 4-dihydroxyborylphenylalanine 
 
BPA is a structural analogue of natural aromatic amino acids phenylalanine (Phe) (11) and 
tyrosine (Tyr) (10). The para- or 4-position hydrogen of Phe or the hydroxyl group of Tyr are 
substituted in BPA by the dihydroxyboryl group, –B(OH)2. The first synthetic method for 
BPA affording racemic D, L– BPA was developed in the 1950’s (Snyder et al. 1958). Natural 
amino acids belong to L–series, an in vitro experiment has also demonstrated that there is a 
preferential tissue uptake of L–BPA compared to D–BPA, Figure 3, (Coderre et al. 1987). 
Enantiomerically purified L–BPA can be obtained via enzymatic resolution of the D, L–BPA 
ethyl esters (Tong et al. 1971, Roberts et al. 1980). In the 1990’s synthetic pathways yielding 
enantiomeric excess of L–BPA have been developed (Samsel 1992, Malan & Morin 1996, 
Nakao et al. 1996, Nakamura et al. 1998, Malan & Morin 1998). 
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Figure 3. Enantiomers of BPA: L–BPA 3 and D–BPA 4 
 
At physiological pH value (7.4) BPA exists as zwitterion or inner salt that the net charge is 
zero. At physiological pH the solubility of zwitterionic BPA is only 1.6 g/l, which is too low 
for patient administration as an intravenous (i.v) infusion. Hydrochloric salt of BPA (BPA • 
HCl, pH 1.5 for 0.1 M water solution) has been used for perlesional clinical trials of 
malignant melanoma (Mishima et al. 1989a and 1989b). For a clinical study BPA has been 
administered orally as slurry in water or fruit juice (Coderre 1992). Boric acid forms an 
anionic complex with carbohydrates (Böeseken 1949), phenylboronic acids react with 
fructose to form an anionic complex (Torssell 1957) and in basic solution boric acid moiety of 
BPA takes an anionic sp3 structure. Fructose was found to formulate the strongest and most 
stable complex with BPA of the cis-diol monosaccharides studied, Figure 4. The solubility of 
BPA as an anionic fructose complex (BPA–F) is about 100 g/l (Mori et al. 1989). 
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CH2O
+
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-
+
-
+
-
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Figure 4. Formulation of anionic BPA–F for in vivo administration schematically: 5 β-
furanose ring of fructose and 6 the plausible structure of BPA–F (Shull et al. 2000) 
 
Melanoma cells accumulate actively aromatic amino acids for use as precursors in the 
synthesis of the pigment melanin. Melanogenesis starts with the oxidation of Tyr to 3,4-
dihydroxyphenylalanine (DOPA) by tyrosinase, a key enzyme of melanin synthesis. It seems 
the L–BPA mimics L–Tyr in the early stage of melanogenesis and it accumulates in melanoma 
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tissue to a greater extent than in normal tissue providing sufficiently high boron 
concentrations for melanoma BNCT (Ichihashi et al. 1982, Coderre et al. 1987, Coderre et al. 
1988, Belkhou et al. 1992, Packer et al. 1992, Tsuboi et al. 1998). The design of 10B 
compounds for use in treating malignant brain tumours was initially based on the increased 
permeability of the blood-brain barrier (BBB) in the tumour by contrast with normal brain 
(Sweet et al. 1963). Similarly to all natural amino acids L–BPA can diffuse into cells. Active 
uptake of Tyr or Phe and leucine into brain is relatively effective compared to other amino 
acids (Oldendorf 1971). According to animal studies L–BPA seems to be taken into cells most 
similarly to Tyr with the L amino acid transport system (Wittig et al. 2000). Results of the 
evaluation of BPA in brain tumour-bearing animals have appeared to meet the necessary 
criteria for becoming a useful BNCT drug for gliomas (Soloway et al. 1961, Coderre et al. 
1990, Coderre et al. 1992, Coderre et al. 1994, Matalka et al. 1994). Clinical trials in patients 
with melanomas and gliomas were considered to be warranted on the basis of the preclinical 
evaluation of L–BPA. Generally, in order to continue to clinical phases with a potential boron 
compound sufficiently low toxicity, 10B concentration of 10-35 µg/g (parts per million, ppm) 
in tumour, and 10B tumour to surrounding normal tissue ratio greater than 1, preferably more 
than three, should be demonstrated in preclinical phase. 
 
1.4. Boron analysis in biological samples for boron neutron capture therapy 
 
In theory, a single 10B neutron capture reaction is capable to destroy a cancer cell. In practice, 
a concentration of 10-35 ppm 10B, equivalent to 108-109 atoms of 10B per cell, is required to 
destroy the cell (Fairchild and Bond 1985, Hawthorne 1993, Soloway et al. 1998). This 
required concentration range is due to the localization of the boron pharmaceutical at or inside 
the cell. Concentrations of approximately 10 ppm 10B are required in the neighbourhood of the 
DNA and about 30-35 ppm is required for cytoplasmic positions or for extracelluary bound 
boron pharmaceutical (Probst 1999). Modern nuclear reactor based epithermal (0.5 eV-10 
keV) neutron beams fulfil the requirements for effective BNCT with neutron fluxes of about 
109 neutrons/cm2 s (e.g. Perks et al. 1988, Moss 1990, Rogus et al. 1994, Liu et al. 1996, 
Burian et al. 1997, Moss et al. 1997, Auterinen et al. 2001, Kortesniemi 2002, Seppälä 2002). 
 
Assessment of tumour 10B levels is required for dosimetric modelling in BNCT. In treatment 
planning, the distribution of dose components: total absorbed gamma dose (Dg), dose from the 
boron neutron capture reaction (boron dose, DB), absorbed dose from the nitrogen capture 
reaction (DN) and absorbed fast neutron dose predominantly from recoil protons (Dfast_n) are 
computed in a geometric model of a patient's head (or body) (Seppälä 2002). The direct 
pharmacokinetic analysis of 10B in a patient is impossible because the continuous 
measurement of the tissue boron concentrations in vivo is technically difficult. As surrogate 
for determining the in vivo tissue boron content, whole blood concentrations are used instead. 
Currently, it is assumed that each of the various regions of interest has an even average boron 
concentration. However, the observed mean glioma tissue to whole blood boron 
concentrations after L–BPA administration have varied from 1.4 (Elowitz et al. 1998) to 4 
(Coderre et al. 1998). Variable boron concentrations in different tumour types (melanomas, 
brain tumours) and different parts of the same tumour have been reported (Mallesch et al. 
1994, Elowitz et al. 1998, Coderre et al. 1998, Kulvik et al. manuscript in preparation). 
Nevertheless, the irradiation time for BNCT is adjusted on the basis of the preirradiation 
whole blood boron concentration, assuming a mean boron concentration ratio of 1:1 for blood 
to healthy tissue and 1:3.5 for blood to tumour tissue. This data is derived from preclinical 
(e.g. Coderre et al. 1990, Coderre et al. 1992, Coderre et al. 1994, Matalka et al. 1994) and 
clinical (Coderre 1992, Mallesch et al. 1994, Coderre et al. 1997, Elowitz et al. 1998) 
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biodistribution studies in patients with gliomas. Kinetic models for estimating whole blood 
10B time-concentration curves for L–BPA mediated BNCT have been created (Ryynänen et al. 
2000, Kiger et al. 2001, Ryynänen et al. 2002, Kiger et al. 2003). 
 
Numerous methods for preclinical and clinical trials boron analysis in BNCT have been 
investigated (Probst 1999). Boron analytical techniques used in biological samples for BNCT 
are inductively coupled plasma–atomic emission spectrometry (ICP–AES) (Tamat et al. 1987, 
Bauer et al. 1989, Johnson et al. 1992, Bauer et al. 1993, Laakso et al. 2001), direct current 
plasma–atomic emission spectrometry (DCP–AES) (Barth et al. 1991), inductively coupled 
plasma–mass spectrometry (ICP–MS) (Vanhoe et al. 1993, Nyomora et al. 1997) and prompt 
γ-ray activation analysis (Kobayashi & Kanda 1983, Matsumoto & Aizawa 1990, 
Raaijmakers et al. 1995). 
 
When the Finnish BNCT project was approaching preclinical phase the most applicable 
methods for the on-line boron determination at the Finnish BNCT facility had to be chosen. 
Methods based on prompt γ-ray activation analysis, ICP-AES and ICP-MS were evaluated as 
the most suitable ones. The prompt γ-ray activation analysis based method was not technically 
feasible at the Finnish BNCT facility. ICP-AES was decided to be the principal method and 
ICP-MS was chosen to be the secondary method in reserve. A new ICP–AES was developed 
at the Finnish BNCT facility to determine the blood boron concentration during and after 
infusion of BPA (Laakso et al. 2001). The ICP-AES method uses protein removal with 
trichloroacetic acid before analysis was compared with the ICP-MS, which uses wet ashing as 
sample pre-treatment. The chosen ICP-AES method was found to be feasible and accurate for 
boron determination during clinical trials in BNCT (Laakso et al. 2001). The cross calibration 
of the ICP-MS and ICP-AES instruments was validated. Therefore, ICP-MS was found to be 
a secondary boron determination instrument in reserve for clinical trials at the Finnish BNCT 
facility. During the year 2003 a rapid method for the direct analysis of boron in whole blood 
by ICP-AES has been implemented at the Finnish BNCT facility based on the method 
developed originally by Bauer et al. (1993) (Auterinen et al. 2003). 
 
1.5. Boron neutron capture therapy research and development in Finland 
 
A research and development project to carry out clinical applications of BNCT was 
established in the early 1990’s in Finland (Savolainen & Kallio 1993, Auterinen & Kallio 
1994, Savolainen et al. 1997). The Finnish BNCT epithermal neutron beam in Otaniemi, 
Espoo uses the FiR1 reactor, which is a light-water moderated 250 kW Triga Mark II type 
nuclear reactor (Auterinen et al. 2001, URL: http://www.vtt.fi/pro/pro1/bnct/index.htm). 
Malignant gliomas were chosen as the first target of BNCT in Finland (Kallio et al. 1996, 
Joensuu et al. 2003). A multidisciplinary research and development team consisting of experts 
in administration, chemistry, engineering, medicine, pharmacy, physics, and veterinary 
sciences has been pursuing BNCT to bring it into clinical practice. There have been about 70 
scientists developing the therapy. The basic preclinical research programs were successfully 
completed by 1998 (Aschan 1999, Kosunen 1999, Benczik 2000, Färkkilä et al. 2001, Laakso 
et al. 2001, Kortesniemi 2002, Ryynänen 2002, Seppälä 2002, II). In collaboration with 
Katchem Ltd, Czech Republic (URL: http://www.katchem.cz), the Finnish research group has 
improved the manufacturing process of L–BPA (I, II). Based on this work the BPA 
manufactured by Katchem was used in the first clinical phase I/II trials. The licensing 
procedure of the neutron beam and BNCT facility was completed in 1999. The first patient 
was treated in May 1999. At present, all ongoing clinical trials are sponsored by Boneca 
Corporation (URL: http://www.boneca.fi). The patient treatments are carried out in 
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collaboration with Technical Research Centre of Finland VTT, Helsinki University Central 
Hospital and Boneca Corporation. The clinical research is focused on phase I/II studies on 
safety and efficacy of L–BPA mediated BNCT in primary or recurrent gliomas as well as on 
recurrent inoperable head and neck carcinomas after previous conventional radiotherapy. 
 
1.6. Preclincal and clinical trials of a boron pharmaceutical 
 
Developing a pharmaceutical is a demanding, long, risky, and expensive project. Synthetic 
organic chemistry is crucial in the development of novel chemical entities. During early 
research and preclinical testing, molecules undergo laboratory investigation and animal model 
testing for pharmacology, efficacy and toxicity. Detailed regulations for pharmaceutical and 
medical device industry have been published including guidelines to current Good 
Manufacturing Practice (cGMP) (PIC/S 2002), Good Laboratory Practice (GLP) (OECD 
1998) and Good Clinical Practice (GCP) (ICH 1996). 
 
Currently, only three compounds have been evaluated to be used as modern clinical 
pharmaceuticals in BNCT: BPA, BSH and disodium decahydrodecaborate, currently known 
as GB-10 (23) (Hawthorne & Lee 2003). However, numerous potential boron compounds 
have been synthesised and many compounds have been tested preclinically (Hawthorne 1993, 
Morin 1994, Wyzlic et al. 1994, Lesnikowski & Schinazi 1995, Gabel 1996, Mehta & Lu 
1996, Sjöberg et al. 1997, Soloway et al. 1998, Suominen 1998, Hawthorne & Lee 2003). 
 
Generally, the clinical phase I consist of clinical pharmacology: pharmacokinetics 
[LAD(M)E: liberation, absorption, distribution, (metabolism and excretion) that can be 
combined as elimination] and when possible pharmacodynamics. Phase I trials include blood 
tests and biopsies to evaluate how the new compound is working physiologically. Small 
groups of patients are treated with a certain dose of a potential compound. During the trial the 
dose is usually increased by group in order to find the highest dose that does not cause 
unacceptable harmful side effects. Although the primary purpose of phase I trials is to find the 
safest dose of a new pharmaceutical, researchers can also evaluate if the new pharmaceutical 
benefits people. Phase I cancer trials usually have 15 to 30 participants. After a phase I trial is 
completed, researchers decide whether there are enough data to support further study with a 
phase II trial whether further research should be discontinued. 
 
Boron biodistribution studies can be classified as phase I trials of BNCT. Boron 
biodistribution studies are also called ‘preludes’ for clinical BNCT trials: for example in a 
glioma boron biodistribution study a 10B containing pharmaceutical is administrated to a 
patient prior to craniotomy for resection of glioma, blood samples are collected and biopsies 
of tumour and tissues are obtained for boron elemental assay (Sweet & Javid 1952, Sweet et 
al. 1963, Finkel et al. 1989, Coderre 1992, Hariz et al. 1994, Mallesch et al. 1994, Ceberg et 
al. 1995a, Stragliotto & Fankhauser 1995, Gabel et al. 1997, Kageji et al. 1997, Tagaki et al. 
1997, Coderre et al. 1998, Elowitz et al. 1998, Horn et al. 1998). Patients participating in this 
kind of BNCT phase I trials are not irradiated with neutrons. In Finland L–BPA boron 
biodistribution studies of meningioma, Schwannoma and neurofibromatosis 2 (NF2) patients 
have been performed (Kulvik et al. manuscript in preparation, II). Boron biodistribution trials 
are traditionally performed to verify the basic requirements of boron pharmaceuticals prior to 
clinical trials with neutron irradiation.  
 
Generally, phase II trials, also called clinical investigations, continue to test the safety of the 
new pharmaceutical, and begin to evaluate how well it works against a specific type of cancer. 
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Phase II cancer trials usually have less than 100 participants. When a phase II trial begins, it is 
not yet known if the pharmaceutical tested works against the specific cancer being studied. 
Unpredictable side effects can also occur in these trials. 
 
Usually in BNCT phase I and II clinical trials are combined. The tumour is resected surgically 
before neutron irradiation. A L–BPA mediated BNCT glioma phase I/II trial has been 
completed in Brookhaven National Laboratory (BNL), USA. 53 patients participated to the 
phase I/II trial in BNL between September 1994 and May 1999. The safety of L–BPA 
mediated BNCT in patients with malignant gliomas was shown. In the trial the safe upper 
limit of modelled radiation dose that the central nervous system can tolerate was determined 
using the Brookhaven Medical Research Reactor (BMRR) neutron beam (Chanana et al. 
1999, Diaz 2003). The analysis of 24 patients has reported of the L–BPA mediated BNCT 
trial (defined as phase I trial with neutron irradiation, not as combined phase I/II trial) in 
Harvard/Massachusetts Institute of Technology (MIT), USA, for intracranial tumours 
(gliomas and metastatic melanomas). Two melanoma patients have showed a complete 
radiographic response (Busse et al. 2003). In Studsvik, Sweden, a phase II L–BPA mediated 
BNCT trial has been started March 2001. The Swedish trial is based on the results from the 
phase I/II trial completed at BNL. No severe BNCT related acute toxicities were reported with 
the analysis of the first 17 glioma patients (Capala et al. 2003). In Finland, the analysis of the 
first 18 glioma patients revealed also that L–BPA mediated BNCT was generally well 
tolerated (Joensuu et al. 2003). In 2003 new phase I/II protocols for recurrent gliomas and 
recurrent inoperable head and neck carcinomas after previous conventional radiotherapy have 
been opened in Finland. In Japan combined phase I/II types L–BPA mediated BNCT trials 
with patients of gliomas and melanomas are going on (Fukuda et al. 1999, Takahashi et al. 
2003, Imahori personal communication, July 2003). In Italy, the first human study of the L–
BPA mediated BNCT to treat liver metastases has been reported (Pinelli et al. 2002). 
 
Generally, phase III trials, also called formal therapeutic trials, focus on how a new treatment 
compares to standard, or the most widely accepted, treatment. In phase III trial, participants 
have an equal chance to be assigned to one of two or more groups (randomisation): one group 
gets the standard treatment and the other group gets the novel treatment tested. Phase III trials 
usually have hundreds to thousands of participants, in order to find out if there are true 
differences in the effectiveness of the treatment being tested. The researchers will inform the 
medical community and the public of the trial results. In most cases, a trial's results are first 
reported in peer-reviewed scientific journals. Phase IV trials, also called post-licensing 
studies, are used to further evaluate the long-term safety and effectiveness of a treatment.  
 
L–BPA mediated BNCT is currently undergoing clinical phase I, II and combined phase I/II 
trials. As an experimental combination of chemo- and radiotherapy BNCT poses a number of 
unique problems. Therefore the implementation of clinical trials and the interpretation of the 
clinical results are challenging. It has been proposed that the BNCT community needs to 
standardize each aspect of the design, implementation, and reporting of clinical trials before 
proceeding into phase III clinical trials (Gupta et al. 2003).  
 
1.7. Radiotracers 
 
Radiotracers are radioactive nuclide containing chemical species that are used as markers to 
follow the course of a chemical reaction, physical process or to show the localisation of a 
substance. The activity of the radioisotope is monitored to follow the process under 
investigation. Radiotracers are referred to as radiopharmaceuticals when used in in vivo 
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studies. In the life sciences radiotracers have many applications, e.g. in evaluation of a 
radiopharmaceutical by tissue uptake distribution studies or by autoradiography in 
experimental animals, or in imaging techniques like Positron Emission Tomography (PET) 
and Single Photon Emission (Computed) Tomography (SPET or SPECT), Table 1. 
 
Table 1. Some isotopes used in diagnostic radiopharmaceuticals  
Isotope Half-life Radiation Detection 
11C 20.4 min β+ PET 
18F 109.7 min β+ PET 
75Br 1.6 h β+ PET 
99mTc 6.01 h γ SPET 
123I 13.2 h γ SPET 
 
1.8. 4-dihydroxyboryl-2-[18F]fluorophenylalanine 
 
Fluorine-18 is one of the most widely used clinical positron emitters (e.g. Stöcklin & Pike 
1993, Kilbourn 1990, Bergman 2001). Electrophilic fluorinating agents provide a rapid means 
of introducing 18F into organic molecules through aromatic electrophilic substitution. The 
direct electrophilic radiofluorination of BPA was first reported by Ishiwata et al. (1991a). The 
radiochemical yield of 4-dihydroxyboryl-2-[18F]fluoro–D,L–phenylalanine (4-borono-2-
[18F]fluoro–D,L–phenylalanine, D, L–[18F]FBPA) was 25-35% corrected to end of 
bombardment (EOB), which in this case means to the end of the production of 18F with 
cyclotron. The specific activity was 35-60 MBq/µmol at the end of synthesis (EOS). The 
overall synthesis time was about 80 min and the radiochemical purity over 99% determined 
by analytical high performance liquid chromatography (HPLC). Synthesis of [18F]FBPA with 
fructose was reported by Reddy et al. (1995): BPA was radiofluorinated as described by 
Ishiwata et al. (1991a) and then treated with fructose. The fractions containing the fructose 
complex of [18F]FBPA ([18F]FBPA–F) were identified by reverse chiral thin layer 
chromatography and by HPLC. 
 
The tissue distribution study of D, L–[18F]FBPA in normal mice showed that the compound 
has potential as a tracer for pancreas imaging because of its rapid clearance from all other 
tissues (Ishiwata et al. 1991a). Brain uptake was found to be constant for 2 hours. The results 
in normal mice suggested also no incorporation of D, L–[18F]FBPA into protein synthesis or 
very slow incorporation. Defluorination of the compound was anticipated from the constant 
radioactivity levels in bone including bone marrow. The radiation-absorbed dose to the 
bladder wall was found to be higher than any other organ but the dose was lower than for 6-
[18F]fluoro-DOPA (Ishiwata et al. 1991a). The potential of D, L–[18F]FBPA, D–[18F]FBPA 
and L–[18F]FBPA for melanoma imaging by PET was studied using animal models (Ishiwata 
et al. 1992a, Ishiwata et al. 1992b): a high uptake of racemic or L–enantiomer was found in 
subcutaneous murine B16 melanoma or in Greene’s melanoma No. 179 for the first 6 h after 
an injection of [18F]FBPA. For D–enantiomer radioactivity levels in all tissues investigated 
were very low compared with the L–form (Ishiwata et al. 1992b). The tumour uptake and 
metabolism of D, L–[18F]FBPA in mice bearing FM3A mammary carcinoma resulted in high 
FM3A-to tissue uptake ratios. The tracer was found to be stable for metabolic alteration 
(Ishiwata et al. 1991b). The cellular distribution of L–[18F]FBPA and [6-3H]thymidine 
([3H]Thd, a DNA precursor) in two murine B16 melanoma sublines and FM3A mammary 
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carcinoma using double-tracer microautoradiography showed that the L–[18F]FBPA 
accumulation was primarily related to the activity of DNA synthesis and, secondarily, to the 
degree of pigmentation in melanocytes (Kubota et al. 1993). 
 
Dynamic PET data of [18F]FBPA incorporation into 33 cases of primary glioma has been 
represented as Gjedde-Patlak plots as defined by Patlak et al. (1983) (Imahori et al. 1998a). A 
three-compartment model using rate constants [K1(ml/g/min, k2 (min-1) and k3 (min-1)] based 
on the equation proposed by Huang et al. (1980) has been used for the pharmacokinetic 
analysis of [18F]FBPA (Imahori et al. 1998a). Dynamic PET studies have revealed that 
[18F]FBPA is selectively incorporated in the malignant tumour cells showing high 
radioactivity and tumour to normal tissue ratios that were greater than 1 in all patients, 
reaching the maximum value of 6 (Mishima et al. 1997, Imahori et al. 1998a, 1998b and 
1998c). The rate constant K1 value, thought to be a quantitative parameter of the amino acid 
transport process, differed significantly between the malignant tumour group (glioblastoma 
multiforme) and the benign tumour group (astrocytoma grade II) (Imahori et al. 1998a). 
Tumour tissue uptakes L–[18F]FBPA, better than the racemic mixture of the radiofluorinated 
BPA analogue, D, L–[18F]FBPA, (Imahori et al. 1998a). L–[18F]FBPA was accumulated 
gradually after bolus injection reaching a constant level 42 min after injection and this 
constant was defined as the incorporation constant. The constant is thought to reflect the 
appropriate L–[18F]FBPA accumulation in tumour tissue. Based on the incorporation constant, 
the methods for estimating tumour 10B concentrations are devised (Imahori et al. 1988b and 
1988c). The similarity of pharmacokinetics of L–[18F]FBPA and L–BPA given as BPA–F was 
proposed to have been confirmed. PET studies using L–[18F]FBPA are concluded to provide 
images of treatable brain tumours for BNCT and to permit the determination of local 10B 
levels (Imahori et al. 1998b and 1998c). The kinetic constants of [18F]FBPA metabolism as 
determined by PET can be significant in predicting the prognosis and indicating the feasibility 
of BNCT in patients with gliomas (Takahashi et al. 2003). 
 
The distribution of [18F]FBPA–F by PET has been found to be consistent with identified 
tumour by magnetic resonance imaging (MRI) in two patients with malignant gliomas 
(Kabalka et al. 1997). The [18F]FBPA–F tumour to normal brain uptake ratio was 1.9 in the 
first patient and 3.1 in the second patient at 52 min after bolus injection of [18F]FBPA–F 
(Kabalka et al. 1997). The observed difference in uptake kinetics between [18F]FBPA–F and 
[18F]FBPA was proposed to possibly be due to that [18F]FBPA–F has kinetics closer to the 
most common PET tracer in oncology, 2-[18F]fluoro-2-deoxy–D–glucose (2-FDG), than L–
[18F]FBPA as a free amino acid (Kabalka et al. 1997). The knowledge of the distribution of 
[18F]FBPA–F by PET is concluded to be capable of providing in vivo [18F]FBPA–F 
biodistribution data that may prove valuable for patient selection and BNCT treatment 
planning (Kabalka et al. 1997). The isodose contours derived from [18F]FBPA-PET studies 
have been shown to correspond more closely to the observed BNCT clinical results than do 
the isodose contours generated by modelling calculations (Nichols et al. 2002). PET imaging 
with [18F]FBPA can be used to identify potential tumours that may be amenable to BNCT 
(Kabalka et al. 2003) 
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2. AIMS OF THE PRESENT STUDY 
 
The aim of this study was to  
 
• evaluate L–BPA (papers I and II) in order to implement clinical phase I and phase I/II 
trials of BNCT in Finland.  
 
• develop a radiolabelled analogue of L–BPA (papers III and IV) for clinical imaging 
studies in Finland. 
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3. METHODS 
 
 
3.1. Evaluation of 4-dihydroxyboryl–L–phenylalanine (papers I and II) 
 
When the Finnish BNCT project was approaching the first clinical phase I/II trial careful 
chemical analysis was made of the two different synthetic batches available of L–BPA. The 
first batch of L–BPA was purchased from Boron Biologicals (Raleigh, North Carolina, USA, 
URL: www.boronbiologicals.com). It was synthesised by the racemic Snyder pathway 
(Snyder et al. 1958). The another batch was a preliminary product from Katchem Ltd. 
(Prague, Czech Republic) synthesised by a pathway developed by Malan & Morin (1996). 
The latter pathway was evaluated as the most applicable to the first series of the Finnish 
BNCT clinical trials because the final product was enantiospecific affording only desired 
enantiomer of BPA, L–BPA. 
 
Chemical characterisation of L–BPA synthesised by a pathway developed by Malan & Morin 
(1996) was verified by 1H NMR, 13C NMR, 10B NMR, and IR spectrometry in Katchem Ltd. 
Melting points were determined in open capillary tubes and were uncorrected. Chemical 
purity of BPA batches was studied employing a reversed-phase (RP) isocratic HPLC both in 
Prague and in Helsinki. Elemental analyses were carried and specific rotation information was 
collected to investigate the enantiospecifity of the synthesised L–BPA in Katchem Ltd. 
 
In order to verify that also BPA synthesised with the novel method is nontoxic, an animal 
study was carried out. The solubility of L–BPA was enhanced by complex formation with 
fructose (Yoshino et al. 1989). Careful attention was given to the pharmaceutical quality of 
the BPA–F preparations. Solutions for i.v. infusion of BPA–F were prepared at a 
concentration of 30 g/l (0.14 M), combining L–BPA with a 10% molar excess of fructose in 
sterile water. After completion of the development work L–BPA infusion solution was 
administered to brain tumour patients in conjunction with clinical studies for development and 
testing BNCT as a part of clinical phase I trial to develop novel indications for BNCT (Kulvik 
et al. manuscript in preparation, II). Appropriate notification of a clinical trial on medicinal 
products in human subjects (form 723) with appendices were presented to the Finnish 
National Agency for Medicines prior to initiation of the clinical studies with L–BPA. 
 
3.2. Development of radiolabelled analogues of 4-dihydroxyboryl–L–phenylalanine (papers 
III and IV) 
 
In the life sciences radiolabelled analogues of L–BPA have many applications, e.g. in 
exploring novel clinical applications for the 10B(n,α)7Li* reaction in tumour models in vitro 
or by autoradiography in experimental animals, or in cancer patients using imaging 
techniques like PET or SPET. In addition, uptake, metabolism, and pharmacokinetics of L–
BPA prior to clinical BNCT studies can be noninvasibly estimated using PET or SPET 
techniques with radiolabelled analogue of L–BPA. 
 
In order to improve available radiotracers for BNCT we wanted to test possibilities to label 
BPA directly with radioiodine. The dihydroxyboryl group in aromatic molecules is fragile and 
can be substituted by electrophiles (Kabalka et al. 1982, I). Therefore gentle chemical 
oxidants, Iodogen (1,3,4,6-tetrachloro-3α,6α-diphenylglycoluril) (Fraker & Speck 1978), 
Figure 7a, and lactoperoxidase (Karonen 1981), were chosen. A direct Iodogen 
radioiodination technique for Tyr was also tested, Figure 7b. 
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A procedure to produce relatively high specific radioactivity (SA) L–[18F]FBPA was 
developed, Figure 5. Electrophilic radiofluorine was produced using a post-target conversion 
of [18F]F- to [18F]F2. Liquid chromatography with mass spectrometric detection is used to 
estimate the specific radioactivity of L–[18F]FBPA and to verify the quality control for 
chemical identity of the target compound. 
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Figure 5. Flow-chart for the synthesis of electrophilic fluorine starting from nucleophilic 
fluorine (Bergman & Solin 1997, Bergman 2001) and following direct electrophilic 
radiofluorination of L–BPA schematically; the precursor: L–BPA 3, the target compound: L–
[18F]FBPA 7, and the principle by-products: 2,3,4-[18F]fluorophenylalanines 8. 
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4. RESULTS 
 
 
4.1. Evaluation of 4-dihydroxyboryl–L–phenylalanine (papers I and II) 
 
A new impurity during the development of L–BPA synthesis was identified by liquid 
chromatography with mass detection (LC-MS). The palladium catalysis cross-coupling 
reaction of phenylboronic acids with haloarens in the presence of bases yields corresponding 
biaryls (Miyaura et al. 1981). In the Malan & Morin (1996) pathway for synthesis of L–BPA, 
an unprotected 4-iodophenyl boric acid with a protected analogue can lead to a competitive 
cross-coupling reaction, causing the formation of 4'-dihydroxyborylbiphenylalanine (biBPA). 
The impurity biBPA could be avoided in later synthetic batches of L–BPA. In collaboration 
with Katchem Ltd, Czech Republic the Finnish research group improved the manufacturing 
process of L–BPA. Based on this work the BPA manufactured by Katchem was used in first 
clinical phase I/II trials. 
 
Table 2. General requirements of 10B enriched L–BPA for clinical trials 
 
Requirements of final product Methods of verification 
Chemical characterisation 
1H NMR, 13C NMR, 10B NMR, 
IR spectrometry, melting point determination 
Chemical purity (>98%) RP HPLC 
Enantiospecific (chiral) purity (~ 100%) specific rotation determination, 
chiral HPLC 
Enrichment factor of 10B (>99%) mass spectrometry 
Impurities should be identified; 
if a new compound is identified with 
unknown toxicity 
HPLC, LC/MS, NMR; 
synthesis of the detected impurity compound 
and toxicological evaluation 
Residual solvents under limits as specified in 
the European Pharmacopoiea gas chromatography 
Pharmaceutical quality:  
no microbial contamination and bacterial 
endotoxins detected under limit as specified 
in the European Pharmacopoiea 
sterility test, 
bacterial endotoxin test 
 
The purity of the L–BPA batches used for clinical administration was verified by NMR and 
RP HPLC. The final product was 98.5–99.9% pure L–BPA with Phe (<1%) and to a lesser 
extent Tyr (<0.5%) as the analysed residual impurities. Potential trace impurities in the final 
product are boric acid and biBPA. 
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Figure 6. Impurities found: Tyr 10, Phe 11, and potential trace impurities anticipated: biBPA 
9, and boric acid 12, in L–BPA batches used for clinical administration. 
 
BPA has been reported to be nontoxic compound (LaHann et al. 1993). In accordance with 
earlier studies no adverse effects were observed in the acute toxicity of L–BPA studied in 
male albino Sprague–Dawley rats. The pH and osmolarity of the BPA–F solution are in the 
physiological range. An endotoxin test was carried out by the turbidimetric kinetic method for 
each synthesised batch of L–BPA to ensure that the batch was pyrogen free, i.e. contained 
bacterial endotoxins under the limit specified in the European Pharmacopoeia (3rd edition 
2.6.14). The sterility tests of the L–BPA batches were carried out in the hospital pharmacy of 
HUCH, Helsinki according to the European Pharmacopoeia (3rd edition 2.6.1). No clinically 
significant adverse effects of L–BPA had been reported and we did not observer such either 
(II). The data were considered sufficient for starting L–BPA mediated clinical BNCT phase I 
trials (boron biodistribution studies) and phase I/II trials. 
 
4.2. Development of radiolabelled analogues of 4-dihydroxyboryl–L–phenylalanine (papers 
III and IV) 
 
A direct electrophilic radioiodinating method using Iodogen as an oxidant gave reproducible 
amounts of 4-[125I]IPhe instead of radioiodinated BPA. A direct electrophilic Iodogen 
technique for radioiodination of Tyr gave an excellent radiochemical yield (>99%) 3-
[125I]ITyr. A formation of a corresponding di-iodo compound, 3,5-[125I]di-iodotyrosine (3,5-
[125I]diTyr) was observed, but it was avoidable using suitable labelling conditions. 
 
An alternative concise procedure to that reported by Ishiwata et al. (1991a), which produces 
relatively high SA L–[18F]FBPA was developed. The amount of precursor could be reduced 
from 100 µmol to 4.8 µmol. On average, the radiochemical yield (as calculated from the 
initial amount of [18F]F-) of L–[18F]FBPA) was 3.4%. The specific activity was 0.85-1.52 
GBq/µmol at EOS. The overall synthesis time was about 50 min and the radiochemical purity 
over 98% determined by analytical HPLC. 
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Figure 7. Radioiodination of L–BPA (a) 3 and Tyr 10 (b) using Iodogen as oxidant. Products 
are 4-IPhe 13, 2,3-IPhes 14, 3-ITyr 15 and 3,5-diITyr 16. 
 
5. DISCUSSION 
 
 
5.1. Boron neutron capture therapy 
 
Despite the success in the synthetic boron chemistry only few boron compounds have 
emerged in clinical BNCT trials. For example many structural BPA modifications have been 
synthesised, including α-methyl BPA (17) and 1-amino-3-(4-dihydroxyborylbenzyl) 
cyclobutanecarboxylic acid (18) (Zaidlewicz et al. 2004). Some BPA modifications have also 
been studied preclincally, e.g. 2- and 3-BPAs (19 and 20) (Hiratsuka et al. 2000) and 4-
dihydroxyborylphenylalaninol (21) (Masunaga et al. 2001, Masunaga et al. 2003), Figure 8. 
The incorporation of 11C-labelled 1-amino-1-[11C]cyclobutanecarboxylic acid (1-[11C]ACBC) 
[a structural analogue of 1-amino-3-(4-dihydroxyborylbenzyl)cyclobutanecarboxylic acid (18) 
but without the –B(OH)2 group] into 20 cases of suspected recurrent brain tumours has been 
represented as Gjedde-Patlak plots showing high average tumour to contralateral gray matter 
ratio of 5.0 (Hübner et al. 1998). Boronated porphyrins are one of the most widely studied 
preclinical boron compounds (e.g. Gabel 1989, Kahl et al. 1990, Miura et al. 1990, Woodburn 
et al. 1993, Miura et al. 1998, Kreimann et al. 2003). One of the most biologically studied 
boronated porphyrin is the tetrakis-carboranecarboxylate ester of 2,4-bis-(α,β-dihydroxy-
ethyl) deuterioporphyrin IX (BOPP) (22), Figure 9 (Fairchild et al. 1990, Hill et al. 1992, 
Huang et al. 1993, Ceberg et al. 1995b, Hill et al. 1995, Callahan et al. 1999, Zhou et al. 
1999). BOPP has also been studied in a phase I clinical trials for photodynamic therapy (PDT) 
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(Rosenthal et al. 2001). Disodium decahydrodecaborate, currently known as GB-10, (23) 
Figure 8, a boron compound used in the early 1960’s, is being re-evaluated for clinical glioma 
BNCT trials (Diaz et al. 2002, Hawthorne & Lee, 2003). 
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Figure 8. Synthesised structural modifications of BPA: α-methyl BPA (17), 1-amino-3-(4-
dihydroxyborylbenzyl)cyclobutanecarboxylic acid (18), 2-BPA(19), 3-BPA (20) and 4-
dihydroxyborylphenylalaninol (21). 
 
By now, in Finland two potential boron containing pharmaceutical have been evaluated for 
BNCT in order to start clinical trials of patients with malignant gliomas. In the beginning of 
the 1990’s boronated low-density lipoproteins (LDLs) were planned to used as 10B containing 
pharmaceutical by the Finnish BNCT research group (Auterinen & Kallio 1994). Clinical 
uptake studies with 99mTc and 111In labelled LDLs in malignant gliomas were performed 
(Kallio et al. 1993, Leppälä et al. 1995). However, in spite of chemical and preclinical studies 
on boronated LDLs, clinical patient studies could not be initiated due to technical difficulties: 
the B-100 protein component of LDLs binds to specific LDL receptor. In vitro processing in 
boronation denatures easily the fragile B-100 protein hampering the uptake of boronated 
LDLs to malignant glioma cells. (Ylä-Herttuala, unpublished results; personal 
communication, September 2003). Currently, in Finland, Karyon Ltd (URL: 
http://www.karyon.fi) is developing novel boron pharmaceuticals under the project entitled 
targeted boron neutron capture therapy (TBNCT). The research and development is focused 
on a potential lead compound K 1020 for malignant gliomas. Currently, K 1020 is in 
preclinical phase and it is planned to enter a clinical phase I trial in 2006 (Grayson 2003, 
Slätis personal communication, January 2004). 
 
In 1996 L–BPA was chosen to be the first boron containing pharmaceutical in Finland 
because it was considered biochemically to be more attractive than the only available boron 
pharmaceutical, BSH, and because by the mid 1990s there were already reports of clinical 
experiences with BPA administered intravenously (Mallesch et al. 1994, Coderre et al. 1997). 
Clinical trials were planned to start with BPA synthesised by the Snyder (1958) pathway 
affording after enzymatic purification the L–enantiomer. In the mid 1990’s there were serious 
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problems worldwide for obtaining L–BPA that fulfilled the chemical and pharmaceutical 
quality and purity requirements for in vivo administration. Fortunately, in 1996 Malan & 
Morin published a novel enantiospecific pathway affording L–BPA and Katchem Ltd. 
(Prague, Czech Republic) started to produce L–BPA synthesised by this pathway. After a 
period of intensive experimentation with synthesis of L–BPA in Katchem Ltd., analytical 
research & development of L–BPA and planning and preparing of clinical trials by the Finnish 
BNCT research group, the first patient boron biodistribution study (a phase I trial) of L–BPA 
was carried out in August 1998. 
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Figure 9. Structure of BOPP 22 and GB-10 23. 
 
In order to model BNCT radiation doses the average estimated boron concentration of tissue 
is mainly derived from the preclinical (e.g. Coderre et al. 1987, Coderre et al. 1988, Coderre 
et al. 1992, Coderre et al. 1994, Matalka et al. 1994) and clinical (Coderre 1992, Mallesch et 
al. 1994, Coderre et al. 1997, Elowitz et al. 1998) glioma biodistribution studies. Metabolism 
of a boron pharmaceutical administered is usually neglected because the most important 
therapeutic factor in BNCT is the 10B(n,α)7Li* reaction, not the molecule containing the 10B 
atom. Only few studies to investigate L–BPA metabolites have been reported (Svantesson et 
al. 2002). In order to develop clinical BNCT metabolites of L–BPA are not necessary to be 
fully elucidated especially if L–BPA is viewed as acting as an inactive prodrug, and 10B as the 
active pharmaceutical affecting the viability of target cells through the (4He2+) particle and 
lithium (7Li3+) (II). However, for phase I trials in addition to boron analyses, HPLC analysis 
of L–BPA, for example according to a method developed by Di Pierro et al. (2000) in plasma, 
urine and tissues may afford additional useful information. Generally, clinical boron 
biodistribution studies can be considered as a solid part of phase I trials in order to study 
average boron concentration of malignant tissues of a novel promising boron containing 
pharmaceutical. 
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L–BPA mediated clinical trials are running at the Finnish BNCT facility (Joensuu et al. 2003). 
In Finland, the basic research & development research programs were successfully completed 
by 1998 in animal models (Benczik 2000), dosimetry (Aschan 1999, Kosunen 1999), dose 
planning (Seppälä 2002), kinetic mathematical modelling of 10B (Ryynänen 2002) and 
technological development (Kortesniemi 2002). The quantification of BPA with phantoms 
has been evaluated using 1H magnetic resonance spectrometry (MRS) and clinical studies are 
in progress (Heikkinen et al. 2003). Boron biodistribution studies of meningioma, 
Schwannoma and NF2 patients have been successfully completed (Kulvik et al. manuscript in 
preparation). [18F]FBPA-PET studies of new tumour types including meningioma, 
Schwannoma and NF2 for BNCT are in progress (Minn et al. manuscript in preparation). 
 
Worldwide BNCT research and development for brain tumours and melanoma are going on 
and some novel clinical applications for the 10B(n,α)7Li* reaction have been proposed, for 
example as treatment of liver (Pinelli et al. 2002), head and neck, prostate cancer and 
superficial sarcomas (Gupta et al. 2003), soft tissue sarcomas (Pignol et al. 1998), 
undifferentiated thyroid carcinoma (Dagrosa et al. 2003) and rheumatoid arthritis (Yanch et 
al. 1999). The methodology of BNCT is complicated because the irradiation conditions of 
both the neutrons and the boron compound must be considered. In BNCT the need for 
international and interdisciplinary co-operation is as pronounced today that it has been before 
(Kortesniemi 2002). A successful BNCT project toward clinical phase III trials requires 
fundamental knowledge of biology, chemistry, engineering, medicine, pharmacy and physics 
including robust administration and economics. Based on the data from Pharma Industry 
Finland (PIF) the estimated cost of developing a new pharmaceutical is 560 million €, and the 
time from concept to sale is on average 12-13 years. The risks in research are high; according 
to international statistics only one or two in 10 000 synthesised substances end up on the 
market. The risks in a prospective clinical BNCT development compared to the 
pharmaceutical development can be even higher because in BNCT both pharmaceutical and 
medical device developing areas must be considered.  
 
Standardization of the design, implementation, and reporting of clinical trials as proposed by 
Gupta et al. (2003) will help to continue with clinical phase III trials in BNCT. However, 
accurately documented patient cases could simplify demonstrating the effectiveness (or 
ineffectiveness) of prospective BNCT protocols without performing ‘traditional’ phase III 
trials (randomisation). For example characterisation of a small but representative group of 
cancer patient cases with metabolic [18F]FBPA PET and anatomical MRI or CT images 
before and after treatment could help to demonstrate the clinical response of the of L–BPA 
mediated BNCT without traditional phase III trial randomised comparison studies to standard 
treatments. 
 
5.2. Radiolabelled analogues of 4-dihydroxyboryl– L–phenylalanine 
 
The dihydroxyboryl group, –B(OH)2, in aromatic molecules is electron withdrawing. 
B(OH)2– deactivates strongly direct electrophilic radiolabelling and acts as a good leaving 
group. No radiolabelled BPA was observed using gentle oxidants and mild electrophilic 
radioiodination techniques, which we investigated. The hydroxyl group, –OH, is very 
different from the dihydroxyboryl group in direct electrophilic aromatic radiohalogenation: 
the OH– group is electron donating and activates the aromatic ring toward direct electrophilic 
labelling, resulting in efficient radioiodination techniques with excellent radiochemical yield, 
Figure 10. However, Weinreich et al. (1997) have reported of direct electrophilic 
radioiodination of BPA using Iodogen with a positron emitter 124I leading to one labelled 
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radioiodinated product. The structure of the product was not identified. In vivo studies with 
123IBPA have been also reported (Lim et al. 1999). We suggest that the radioiodinated product 
on these studies was not radioiodinated BPA, but a radioiodinated phenylalanine. We have 
also reported some preliminary studies of radioiodinated BPA as a poster presentation in a 
nuclear medicine international congress (Vähätalo et al. 1997). After accurate evaluation we 
could not positively identify any amount of 125IBPA either. Appropriate identification of the 
desired target compound is a crucial step before starting any further studies with hypothetic 
radiotracer of *IBPA (Suominen et al. 2001). Globally, radioiodinated BPA, 4-
dihydroxyboryl-2-[*I]iodophenylalanine is a desired radiotracer for in vivo studies but 
unfortunately studies in order to produce *IBPA has so far been unsuccessful.  
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Figure 10. Resonance structures of Tyr (a) and (b) BPA, R = –CH2CH(NH3+)COO-. 
 
The radiofluorinated analogue of BPA, [18F]FBPA, has been demonstrated to be a useful 
radiotracer in life sciences leading to PET patient studies for L–BPA mediated BNCT in 
Japan, in USA and in Finland. The transport of L–BPA is supposed to be mediated by the L 
amino acid transport system (Wittig et al. 2000). The fluorine atom is usually substituted into 
a pharmaceutical in place of a hydrogen atom or a hydroxyl group; fluorine may affect the 
lipophilicity of the molecule (Bergman 2001). However, clinical experience with L–
[18F]FBPA has demonstrated that accumulation of 18F-labelled BPA and L–BPA administered 
as BPA-F is analogous (Imahori et al. 1998a, 1998b and 1998c, Nichols et al. 2002, 
Takahashi et al. 2003). Therefore, L–[18F]FBPA accumulation is supposed to be mediated by 
the same amino acid transport system than L–BPA, at least the L amino acid transport system 
is clearly shown to be the dominant mechanism affecting the L–[18F]FBPA accumulation in 
malignant gliomas. 
 
There is discrepancy in the use of the radiofluorinated analogue of BPA as free amino acid or 
complexed with fructose. Kabalka et al. (1997) have reported a patient PET study with the 
radiofluorinated analogue of BPA complexed with fructose. There is probably no need to use 
[18F]FBPA complexed with fructose because the actual uptake mechanism to malignant cells 
is supposed to be mediated through the L amino acid transport system (Imahori et al. 1998a, 
1998b and 1998c, II). In addition, the complex formulation of BPA–F is an equilibrium 
reaction, Figure 4. An in vitro study has shown that BPA–F dissociates and reaches 
equilibrium between the free molecules of BPA and the BPA–F complex in the diluted 
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condition present in plasma (Kakihana et al. 1993). The equilibrium kinetics of BPA–F and 
[18F]FBPA–F has not been studied but one can assume that in diluted conditions of the 
radiolabelled compounds the equilibrium status should be toward the reactants, i.e. free 
[18F]FBPA and free fructose, instead of complex [18F]FBPA–F. Kabalka et al. (1997) have 
reported that a quality control of [18F]FBPA–F for radiochemical identity was performed. In 
addition there are some variation is preparative HPLC conditions: Kabalka et al. (1997) have 
eluted [18F]FBPA between 28 and 32 min – Imahori (personal communication, 1998) between 
16 and 20 min corresponding to the original procedure by Ishiwata et al (1991a). Currently 
the radiochemical identity of [18F]FBPA is recommended to be verified with a stable 
reference compound (Kabalka et al. 2000). 
 
Direct electrophilic radiofluorination with [18F]F2 or [18F]AcOF of BPA is an efficient and 
fast way to incorporate 18F into BPA. Nucleophilic pathways to radiofluorinate BPA would be 
too arduous and complicated to realise, if possible at all. Direct electrophilic radiofluorination 
is simple to perform; most effort is applied to the separation and identification of the 
radiofluorinated products. However, selective labelling and better radiochemical yield, 
perhaps even successful radioiodination procedures are anticipated using precursors with 
appropriate leaving groups, such as trialkylstannyl derivatives of BPA, Figure 11. In addition 
to [18F]FBPA studies in BNCT, 11C-labelled BPA (25) studies are in progress (Studenov et al. 
2001).  
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Figure 11. Structure of hypothetic molecule of triethylstannylated BPA (24) (under 
radiochemical labelling conditions dihydroxyboryl-, amino- and/or carboxyl-groups may have 
required to be protected) and 11C labelled BPA (25) currently in preclinical evaluation 
(Studenov et al. 2001) 
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6. CONCLUSIONS 
 
The conclusions of this thesis are: 
 
• LC-MS was shown to be a novel analytical instrument to check the purity of BPA 
prior to clinical studies in BNCT (paper I), 
 
• L–BPA analysis and synthesis development and complementary preclinical and 
clinical observations justify a safe use of BPA–F up to clinical phase III BNCT studies 
(paper II), 
 
• BPA cannot be directly radioiodinated for tracer studies in BNCT (paper III), 
 
• A concise procedure to produce relatively high SA L–[18F]FBPA for clinical positron 
emission tomography studies in BNCT was developed (paper IV). 
 29 
REFERENCES 
 
1. Armstrong TA, Spears JW, Crenshaw TD and Nielsen FH. Boron supplementation of a semipurified diet 
for weanling pigs improves feed efficiency and bone strength characteristics and alters plasma lipid 
metabolites. J Nutr 2000, 130, 2575-2581. 
2. Asbury AK, Ojemann RG, Nielsen SL and Sweet WH. Neuropathologic study of fourteen cases of 
malignant brain tumors treated by boron-10 slow neutron capture radiation. J Neuropathol Exp Neurol 
1972, 31, 278-303. 
3. Aschan C. Applicability of thermoluminescent dosimeters in X-ray organ dose determination and in the 
dosimetry of systemic and boron neutron capture radiotherapy. Academic Dissertation –thesis, Univerisity 
of Helsinki, 1999. 
4. Auterinen I and Kallio M (editors). Proceedings of the CLINCT BNCT workshop; Helsinki 1993. TKK-F-
A718 1994, Espoo. 
5. Auterinen I, Aschan C, Hiismäki P, Kortesnimei M, Kosunen A, Kotiluoto P, Lampinen J, Rosenberg RJ, 
Salmenhaara S, Savolainen S, Seppälä T, Serén T, Tanner V, Toivonen M and Välimäki P. Metamorphosis 
of a 35 years old TRIGA reactor into a modern BNCT facility. Frontiers in Neutron Capture Therapy 
Hawthorne MF, Wiersema RJ and Shelly K (editors), Kluwer Academic/Plenum Publishers, New York, 
2001, 267-275. 
6. Auterinen I, Joensuu H, Kouri M, Kankaanranta L, Seppälä T, Kallio M, Kulvik M, Laakso J, Vähätalo J, 
Kortesniemi M, Kotiluoto P, Serén T, Anttila K, Karila J, Brander A, Järviluoma E, Ryynänen P, Paetau A, 
Ruokonen I, Minn H, Tenhunen M, Jääskeläinen J, Färkkilä M and Savolainen S. The NCT trials in 
Finland, International workshop on ‘Neutron capture therapy: state of art’, oral presentation, November 
28, 2003, Pisa, Italy. 
7. Barth RF, Soloway AH and Fairchild RG. Boron neutron capture therapy for cancer. Sci Am 1990, 263, 
100-107. 
8. Barth RF, Adams DM, Soloway AH, Mechetner EB, Alam F and Anniszzaman AK. Determination of 
boron in tissues and cells using direct-current plasma atomic emission spectroscopy. Anal Chem 1991, 63, 
890-893. 
9. Barth RF, Soloway AH, Fairchild RO and Brugger RM. Boron neutron capture therapy for cancer. Realities 
and prospects. Cancer 1992, 70, 2995-3007. 
10. Barth RF and Soloway AH. Boron neutron capture therapy of primary and metastatic brain tumors. Mol 
Chem Neuropathol 1994, 21, 139-154. 
11. Barth RF, Soloway AH and Brugger RM. Boron neutron capture therapy of brain tumors: Past history, 
current status and future potential. Cancer Invest 1996, 14, 534-550. 
12. Barth RF, Soloway AH, Goodman JH, Gahbauer RA, Gupta N, Blue TE, Yang W and Tjarks W. Boron 
neutron capture therapy of brain tumors: an emerging therapeutic modality. Neurosurgery 1999, 44, 433-
451. 
13. Barth RF, A critical assessment of boron neutron capture therapy: an overview. J Neuro-oncol 2003, 62, 1-
5. 
14. Bauer WF, Johnson DA, Steele SM, Messick K, Miller DL and Propp WA. Gross boron determination in 
biological samples by inductively coupled plasma–atomic emission spectroscopy. Strahlenther Onkol 1989, 
165, 176-179. 
15. Bauer WF, Micca PL and White BM. A rapid method for the direct analysis of boron in whole blood by 
atomic emission spectroscopy. Advances in Neutron Capture Therapy Soloway AH, Barth RF and 
Carpenter DE (editors), Plenum Press, New York, 1993, 403-407. 
16. Belkhou R, Mykita S, Meyer L, Sahel J, Abbé J-C, Dreyfus H and Massarelli R. Effet létal de la réaction de 
capture neutronique du bore sur des cellules de mélanome uvéal humain en culture incubées avec la boro-
phénylalanine. C R Acad Sci Paris, série III 1992, 315, 485-491. 
17. Benczik J. Relative biological effectiveness of reactor produced epithermal neutrons for the canine brain. 
Academic Dissertation –thesis, Univerisity of Helsinki, 2000. 
 30 
18. Bergman J and Solin O. Fluorine-18-labeled fluorine gas for synthesis of tracer molecules. Nucl Med Biol 
1997, 24, 677-683. 
19. Bergman J, Aspects on the specific radioactivity in the synthesis of 18F-labellled radiopharmaceuticals. 
Academic Dissertation –thesis, Åbo Akademi, 2001. 
20. Burian J, Marek M, Mares V and Drahota Z. Neutron-capture therapy of brain tumours: neutron sources, 
neutron-capture drugs, biological tests and clinical perspectives in the Czech Republic. Physiol Res 1997, 
46, 93-99. 
21. Busse PM, Harling OK, Palmer MR, Kiger WS III, Kaplan J, Kaplan I, Chuang CF, Goorley JT, Riley KJ, 
Newton TH, Santa Cruz GA, Lu X-Q and Zamenhof RG. A critical examination of the results form the 
Harvard-MIT NCT program phase I clinical trial of neutron capture therapy for intracranial disease. J 
Neuro-oncol 2003, 62, 111-121. 
22. Böeseken J. The use of boric acid for the determination of the configuration of carbohydrates. Adv 
Carbohyd Chem 1949, 4, 189-210. 
23. Callahan DE, Forte TM, Afzal SM, Deen DF, Kahl SB, Björnstad KA, Bauer WF and Blakely EA. 
Boronated protoporphyrin (BOPP): localization in lysosomes of the human glioma cell line SF-767 with 
uptake modulated by lipoprotein levels. Int J Radiat Oncol Biol Phys 1999, 45, 761-771. 
24. Capala J, Stenstam BH, Sköld K, Munck af Rosenschöld P, Giusti V, Persson C, Wallin E, Brun A, 
Franzen L, Carlsson J, Salford L, Ceberg C, Persson B, Pellettieri L and Henriksson R. Boron neutron 
capture therapy fpr glioblastoma multiforme: clinical studies in Sweden. J Neuro-oncol 2003, 62, 135-144. 
25. Carlsson J, Sjöberg S and Larsson BS. Present status of boron neutron capture therapy. Acta Oncol 1992, 
31, 803-813. 
26. Ceberg CP, Persoon A, Brun A, Huiskamp R, Fyhr AS, Persson BR and Salford LG. Performance of 
sulfhydryl boron hydride in patients with grade III and IV astrocytoma: a basis for boron neutron capture 
therapy. J Neurosurg 1995a, 83, 79-85. 
27. Ceberg CP, Brun A, Kahl SB, Koo MS, Persson BR and Salford LG. A comparative study on the 
pharmacokinetics and biodistribution of boronated porphyrin (BOPP) and sulfhydryl boron hydride (BSH) 
in the RG2 rta glioma model. J Neurosurg 1995b, 83, 86-92. 
28. Chanana AD, Capala J, Chadha M, Coderre JA, Diaz AZ, Elowitz EH, Iwai J, Joel DD, Liu HB, Ma R, 
Pendzick N, Peress NS, Shady MS, Slatkin DN, Tyson GW and Wielopolski L. Boron neutron capture 
therapy for glioblastoma multiforme: interim results from the phase I/II dose-escalation studies. 
Neurosurgery 1999, 44, 1182-1193. 
29. Coderre JA, Glass JD, Fairchild RG, Roy U, Cohen S and Fand I. Selective targeting of 
boronophenylalnine to melanoma in BALB/c mice for neutron capture therapy. Cancer Res 1987, 47, 6377-
6383. 
30. Coderre JA, Kalef-Ezra JA, Fairchild RG, Micca PL, Reinstein LE and Glass JD. Boron neutron capture 
therapy of a murine melanoma. Cancer Res 1988, 48, 6313-6316. 
31. Coderre JA, Glass JD, Fairchild RG, Micca PL, Fand I and Joel DD. Selective delivery of boron by the 
melanin precursor analogue p-boronophenylalanine to tumors other than melanoma. Cancer Res 1990, 50, 
138-141. 
32. Coderre JA. A phase 1 biodistribution study of p-boronophenylalanine. Boron Neutron Capture Therapy 
Gabel D and Moss R (editors), Plenum Press 1992, 111-121. 
33. Coderre JA, Joel DD, Micca PL, Nawrocky MM and Slatkin DN. Control of intracerebral gliosarcoma in 
rats by boron neutron capture therapy with p-boronophenylalanine. Radiat Res 1992, 129, 290-296. 
34. Coderre JA, Button TM, Micca PL, Fischer C, Nawrocky MM and Liu BH. Neutron capture therapy of the 
9L rat gliosarcoma using the p-boronophenylalanine-fructose complex. Int J Radiat Oncol Biol Phys 1994, 
30, 643-652. 
35. Coderre JA, Elowitz EH, Chadha M, Bergland R, Capala J, Joel DD, Liu HB, Slatkin DN and Chanana AD. 
Boron neutron capture therapy for glioblastoma multiforme using p-boronophenylalanine and epithermal 
neutron: trial design and early results. J Neuro-oncol 1997, 33, 141-152. 
36. Coderre JA, Chanana AD, Joel DD, Elowitz EH, Micca PL, Nawrocky MM, Chadha M, Gebbers JO, 
Shady M, Peress NS and Slatkin DN. Biodistribution of boronophenylalnine in patients with glioblastoma 
multiforme: boron concentration correlates with tumor cellularity. Radiat Res 1998, 149, 163-170. 
 31 
37. Dagrosa MA, Viaggi M, Longhino J, Calzetta O, Cabrini R, Edreira M, Juvenal G and Pisarev MA. 
Experimental application of boron neutron capture therapy to undifferentiated thyroid carcinoma. Int J 
Radiat Oncol Biol Phys 2003, 57, 1084-1092. 
38. Diaz AZ, Coderre JA, Chanana AD and Ma R. Boron neutron capture therapy for malignant gliomas. Ann 
Med 2000, 32, 81-85. 
39. Diaz A, Stelzer K, Laramore G and Wiersema R. Pharmacology studies of Na210B10H10 (GB-10) in human 
tumor patiens. Research and Development in Neutron Capture Therapy Sauerwein W, Moss R and Wittig 
A (editors), Monduzzi Editore, Bologna, 2002, 993-999. 
40. Diaz AZ. Assessment of the results from the phase I/II boron neutron capture therapy trials at the 
Brookhaven National Laboratory from a clinician's point of view. J Neuro-oncol 2003, 62, 101-109. 
41. Di Pierro D, Lazzarino G, Pastore FS, Tavazzi B, Del Bolgia F, Amorini AM, Fazzina G and Giuffrè R. 
Determination of boronophenylalainen in biological samples using precolumn o-phthalalhdehyde 
derivatization and reverse-phase high-performance liquid chromatography. Anal Biochem 2000, 284, 301-
306. 
42. Dunitz JD, Hawley DM, Miklos D, White DN, Berlin Y, Marusic R and Prelog V. Structure of boromycin. 
Helv Chim Acta 1971, 54, 1709-1713. 
43. Elowitz EH, Bergland RM, Coderre JA, Joel DD, Chadha M and Chanana AD. Biodistribution of p-
boronophenylalanine in patients with glioblastoma multiforme for use in boron neutron capture therapy. 
Neurosurgery 1998, 42, 463-468. 
44. Fairchild RG and Bond VP. Current status of boron-10-neutron capture therapy: enhancement of tumor 
dose via beam flitration and dose rate, and the effects of these parameters on minimum boron content: a 
theoretical evaluation. Int J Radiat Oncol Biol Phys 1985, 11, 831-840. 
45. Fairchild RG, Kahl SB, Laster BH, Kalef-Ezra J and Popenoe EA. In vitro determination of uptake, 
retention, distribution, biological efficacy, and toxicity of boronated compounds for neutron capture 
therapy: a comparison of porphyrins with sulfhydryl boron hydrides. Cancer Res 1990, 50, 4860-4865. 
46. Finkel GC, Poletti CE, Fairchild RG, Slatikin DN and Sweet WH. Distribution of 10B after infusion of 
Na210B12H11SH into a patient with malignant astrocytoma: implications for boron neutron capture therapy. 
Neurosurgery 1989, 24, 6-11. 
47. Flam F. Will history repeat for boron capture therapy? Science 1994, 265, 468-469. 
48. Fraker PJ and Speck JC, Jr. Protein and cell membrane iodinations with a sparingly soluble chloroamide, 
1,3,4,6-tetrachloro-3a, 6a-diphenylglycoluril. Biophys Biochem Res Commun 1978, 80, 849-857. 
49. Fukuda H, Honda C, Wadabayashi N, Kobayashi T, Yoshino K, Hiratsuka J, Takahashi J, Akaizawa T, Abe 
Y, Ichihashi  and Mishima Y. Pharmacokinetics of 10B-p-boronophenylalanine in tumours, skin and blood 
of melanoma patients: a study of boron neutron capture therapy for malignant melanoma. Melanoma Res 
1999, 9, 75-83. 
50. Färkkilä M, Aschan C, Auterinen I, Benczik J, Hiismäki P, Jääskeläinen J, Joensuu H, Järviluoma E, Kallio 
M, Kankaanranta L, Kortesniemi M, Kotiluoto P, Kulvik M, Laakso J, Pakkala S, Rasilainen M, 
Savolainen S, Seppälä T, Snellman M, Suominen M, Tenhunen T, Tähtinen T and Vähätalo J. At the 
threshold of clinical trials - the status of the Finnish BNCT project. Frontiers in Neutron Capture Therapy 
Hawthorne MF, Wiersema RJ and Shelly K (editors), Kluwer Academic/Plenum Publishers, New York, 
2001, 129-131. 
51. Gabel D. Tumor-seeking compounds for boron neutron capture therapy: synthesis and biodistribution. 
Basic Life Sci 1989, 50, 233-241. 
52. Gabel D. Progress in the field of compounds for boron neutron capture therapy. B Cancer. Radiother 1996, 
83, 186-190. 
53. Gabel D, Preusse D, Hariz D, Grochulla F, Haselsberger K, Fankhauser H, Ceberg C, Peters and Klotz U. 
Pharmacokinetics of Na2B12H11SH (BSH) in patinets with malignant brain tumours as prerequisite for a 
phase I clinical trail of boron neutron capture. Acta Neurochir 1997, 139, 606-612. 
54. Godwin JT, Farr LE, Sweet WH and Robertson JS. Pathological study of eight patients with glioblastoma 
multiforme treated by neutron-capture therapy using boron 10. Cancer 1955, 8, 601-615. 
55. Grayson M. What a Karyon. Bioventure View 2003, 18, 23. 
 32 
56. Gregoire V, Begg AC, Huiskamp R, Verrijk R and Bartelink H. Selectivity of boron carriers for boron 
neutron capture therapy: pharmacological studies with borocaptate sodium, L-boronophenylalanine and 
boric acid in murine tumors. Radiother Oncol 1993, 27, 46-54. 
57. Gupta N, Gahbauer RA, Blue TE and Albertson B. Common challenges and problems in clinical trials of 
boron neutron capture therapy of brain tumors. J Neuro-oncol 2003, 62, 197-210. 
58. Haritz D, Gabel D and Huiskamp R. Clinical phase-I study of Na2B12H11SH (BSH) in patients with 
malignant glioma as precondition for boron neutron capture therapy (BNCT). Int J Radiat Oncol Biol Phys 
1994, 28, 1175-1181. 
59. Hawtorne MF. Die Rolle der Chemie in der Entwicklung einer Krebstherapie durch die Bor-
Neutroneneinfangreaktion. Angew Chem 1993, 105, 997-1033; The role of chemistry in the development of 
boron neutron capture therapy of cancer. Angew Chem Int Ed Engl 1993, 32, 950-984. 
60. Hawthorne MF and Lee MW. A critical assessment of boron target compounds for boron neutron capture 
therapy. J Neuro-oncol 2003, 62, 33-45. 
61. Heikkinen S, Kangasmäki A, Timonen M, Kankaanranta L, Häkkinen A-M, Lundbom N, Vähätalo J and 
Savolainen S. 1H MRS of a boron neutron capture therapy 10B-carrier, L-p-boronophenylalanine-fructose 
complex, BPA-F: phantom studies at 1.5 and 3.0 T. Phys Med Biol 2003, 48, 1027-1039. 
62. Hill JS, Kahl SB, Kaye AH, Stylli SS, Koo MS, Gonzales MF, Vardaxis NJ and Jonhson CI. Selective 
tumor uptake of a boronated porphyrin in an animal model of cerebral glioma. P Natl Acad Sci USA 1992, 
89, 1785-1789. 
63. Hill JS, Kahl SB, Stylli SS, Nakamura Y, Koo MS and Kaye AH. Selective tumor kill of cerebral glioma by 
photodynamic therapy using a boronated porphyrin photosensitizer. P Natl Acad Sci USA 1995, 92, 12126-
12130. 
64. Hiratsuka J, Yoshino K, Kondoh H, Imajo Y and Mishima Y. Biodistribution of boron concentration on 
melanoma-bearing hamsters after administration of p-, m-, o-boronophenylalanine. Jpn J Cancer Res 2000, 
91, 446-450. 
65. Horn V, Slansky J, Janku I, Strouf O, Sourek K and Tovarys F. Disposition and tissue distribution of boron 
after infusion of borocaptate sodium in aptients with malignant brain tumors. Int J Radiat Oncol Biol Phys 
1998, 41, 631-638. 
66. Huang S-C, Phelps ME, Hoffman EJ, Sideris K, Selin CJ and Kuhl DE. Noninvastive determination of 
local cerebral metabolic rate of glucose in man. Am J Physiol 1980, 238, E69-E82. 
67. Huang LR, Straubinger RM, Kahl SB, Koo MS, Alletto JJ, Mazurchuk R, Chau RI, Thamer SL and Fiel RJ. 
Boronated metalloporphyrins: a novel approcah to the diagnosisi and treatment of cancer using contrast-
enhanced MR imaging and neutron capture therapy. J Magn Reson Imag 1993, 3, 251-356. 
68. Hübner KF, Thie JA, Smith GT, Kabalka GW, Keller IB, Kliefoth AB, Campbell SK and Buonocore E. 
Positron emission tomography (PET) with 1-aminocyclobutane-1-[11C]carboxylic acid (1-[11C]-ACBC) for 
detecting recurrent brain tumors. Clin Positron Imaging 1998, 1, 165-173. 
69. Hunt CD, Herbel JL and Nielsen FH. Metabolic responsens of postmenopausal women to supplemental 
dietary boron and aluminium during usual and low magnesium intake: boron, calcium, and magnesium 
absorption and retention and blood mineral concentrations. Am J Clin Nutr 1997, 65, 803-813. 
70. ICH, International Conference on Harmonisation of Technical Requirements for Registration of 
Pharmaceuticals for Human Use, Guidance for industry E6 good clinical practice: consolidated guidance, 
Geneva, Switzerland, 1996. 
71. Ichihashi M, Nakanishi T and Mishimia Y. Specific killig effect of 10B1-para-boronophenylalanine in 
thermal neutron capture therapy of malignant melanoma: in vitro radiobiological evaluation. J Invest 
Dermatol 1982, 78, 215-218. 
72. Imahori Y, Ueda S, Ohmori Y, Kusuki T, Ono K, Fujii R and Ido T. Fluorine-18-Labeled 
Fluroboronophenylalanine PET in Patients with Glioma. J Nucl Med 1998a, 39, 325-333. 
73. Imahori Y, Ueda S, Ohmori Y, Sakae K, Kusuki T, Kobayahsi T, Takagaki M, Ono K, Ido T and Fujii R. 
Positron emission tomography-based boron neutron capture therapy using boronophenylalanine for high-
grade gliomas: Part I. Clin Can Res 1998b, 4, 1825-1832. 
74. Imahori Y, Ueda S, Ohmori Y, Sakae K, Kusuki T, Kobayahsi T, Takagaki M, Ono K, Ido T and Fujii R. 
Positron emission tomography-based boron neutron capture therapy using boronophenylalanine for high-
grade gliomas: Part II. Clin. Can. Res 1998c, 4, 1833-1841. 
 33 
75. Ishiwata K, Ido T, Meija AA, Ichihashi M and Mishima Y. Synthesis and radiation dosimetry of 4-borono-
2-[18F]fluoro-D,L-phenylalanine: a target compound for PET and boron neutron capture therapy. Appl 
Radiat Isot 1991a, 42, 325-328. 
76. Ishiwata K, Ido T, Kawamura M, Kubota K, Ichihashi M and Mishima Y. 4-borono-2-[18F]fluoro-D-L-
phenylalanine as a target compound for boron neutron capture therapy: tumor imaging potential with 
positron emission tomography. Nucl Med Biol 1991b, 18, 745-751. 
77. Ishiwata K, Ido T, Honda C, Kawamura M, Ichihashi M and Mishima Y. 4-borono-2-[18F]fluoro-D-L-
phenylalanine: a possible tracer for melanoma diagnosis with PET. Nucl Med Biol 1992a, 19, 311-318. 
78. Ishiwata K, Shiono M, Kubota K, Yoshino K, Hatazawa J, Ido T, Honda C, Ichihashi M and Mishima Y. A 
unique in vivo assessment of 4-[10B]borono-L-phenylalanine in tumor tissues for boron neutron capture 
therapy of malignant melanomas using positron emission tomography and 4-borono-2-[18F]fluoro-L-
phenylalanine. Melanoma Res 1992b, 2, 171-179. 
79. Joensuu H, Kankaanranta L, Seppälä T, Auterinen I, Kallio M, Kulvik M, Laakso J, Vähätalo J, 
Kortesniemi M, Kotiluoto P, Serén T, Karila J, Brander A, Järviluoma E, Ryynänen P, Paetau A, Ruokonen 
I, Minn H, Tenhunen M, Jääskeläinen J, Färkkilä M and Savolainen S. Boron neutron capture therapy of 
brain tumors: clinical trials at the Finnish facility using boronophenylalaline. J Neuro-oncol 2003, 62, 123-
134. 
80. Johnson DA, Siemer DD and Bauer WF. Determination of nanogram levels of boron in milligram-sized 
tissue samples by inductively coupled plasma-atomic emission spectroscopy. Anal Chim Acta 1992, 270, 
223-230. 
81. Kabalka GW, Kunda AR and Muralidhar K. Synthesis of iodine-125 labelled aryl and vinyl iodides. J 
Labelled Compd Radiopharm 1982, 19, 795-799. 
82. Kabalka GW, Smith GT, Dyke JP, Reid WS, Longford CPD, Roberts TG, Reddy NK, Buonocore E and 
Hübner K. F. Evaluation of Fluorine-18-BPA-Fructose for Boron Neutron Capture Treatment Planning. J 
Nucl Med 1997, 38, 1762-1767. 
83. Kabalka GW, Reddy NK, Wang L and Malladi RR. Synthesis of 4-borono-2-fluorophenylalanine. Org 
Prep Proced Int 2000, 32, 290-293. 
84. Kabalka GW, Nichols TL, Smith GT, Miller LF, Khan MK and Busse PM. The use of positron emission 
tomography to develop boron neutron capture therapy treatment plans for metastatic malignant melanoma. 
J Neuro-oncol 2003, 62, 187-195. 
85. Kageji T, Nakagawa Y, Kitamura K, Matsumoto K and Hatanaka H. Pharmacokinetics and boron uptake of 
BSH (Na2B12H11SH) in patients with intracranial tumors. J Neuro-oncol 1997, 33, 117-130. 
86. Kahl SB, Joel DD, Nawrocky MM, Micca PL, Tran KP, Finkel GC and Slatkin DN. Uptake of a nido-
carboranylporphyrin by human glioma xenografts in athymic nude mice and by syngeneic ovarian 
carcinomas in immunocompetent mice. P Natl Acad Sci USA 1990, 87, 7265-7269. 
87. Kakihana H, Yoshino K and Mori Y. Relation between structures of p-boronophenylalanine related 
compounds and their usefullness for boron neutron capture therapy. Advances in Neutron Capture Therapy 
Soloway AH, Barth RF and Carpenter DE (editors), Plenum Press 1993, 257-260. 
88. Kallio M, Leppälä J, Nikula T, Nikkinen P, Gylling H, Färkkilä M, Hiltunen J, Jääskeläinen J and 
Liewendahl K. 111In- and 99mTc-labeled low density lipoprotein uptake by high-grade gliomas. Advances in 
Neutron Capture Therapy Soloway AH, Barth RF and Carpenter DE (editors), Plenum Press 1993, 731-
733. 
89. Kallio M, Savolainen S, Auterinen I, Hiismäki P, Kulvik M, Vähätalo J and Färkkilä M. Aivokasvainten 
boori-neutronikaappaushoito. Duodecim 1996, 112, 970-974. 
90. Karonen S-L, Solid lactoperoxidase in the iodination of L–tyrosine and albumin. Appl Biochem Biotechn 
1981,6, 119-128. 
91. Kiger WS III, Palmer MR, Riley KJ, Zamenhof RG and Busse PM. A pharmacokinetic model for the 
concentration of 10B in blood after boronophenylalanine-fructose administration in humans. Radiat Res 
2001, 155, 611-618. 
92. Kiger WS III, Palmer MR, Riley KJ, Zamenhof RG and Busse PM. Pharmacokinetic modeling for 
boronophenylalanine-fructose mediated neutron capture therapy: 10B concentration predictions and 
dosimetric consequences. J Neuro-oncol 2003, 62, 171-186. 
 34 
93. Kilbourn MR. Fluorine-18 labelling of radiopharmaceuticals. Nuclear Science Series NAS-NS3203, 
National Academy Press, Washington DC, 1990. 
94. Kobayashi T and Kanda K. Microanalysis system of ppm-order 10B concentrations in tissue for neutron 
capture therapy by prompt gamma-ray spectrometry. Nucl Instrum Meth 1983, 204, 525-531. 
95. Kohno J, Kawahata T, Otake T, morimoto M, Mori H, Ueba N, Nishio M, Kinumaki A, Komatsubara S and 
Kawashima K. Boromycin, an anti-HIV antibiotic. Biosci Biotechnol Biochem 1996, 60, 1036-1037. 
96. Kortesniemi M. Solutions for clinical implementation of boron neutron capture therapy in Finland 
Academic Dissertation –thesis, Univerisity of Helsinki, 2002. 
97. Kosunen A. Metrology and quality of radiation therapy dosimetry of electron, photon and epithermal 
neutron beams. Academic Dissertation –thesis, Radiation and nuclear safety authority, 1999. 
98. Kreimann EL, Miura M, Itoiz ME, Heber E, Garavaglia RN, Batistoni D, Rebafliati RJ, Roberti MJ, Micca 
PL, Coderre JA and Schwint AE. Biodistribution of a carborane-containing porphyrin as a targeting agnet 
for Boron Neutron Capture Therapy of oral cancer in hamster cheek pouch. Arch Oral Biol 2003, 48,223-
232. 
99. Kubota R, Yamada S, Ishiwata K, Tada M, Ido T and Kubota K. Cellular accumulation of 18F-labelled 
boronophenylalanine depending on DNA synthesis and melanin incorporation: a double-tracer 
microautoradiographic study of B16 melanomas in vivo. Brit J Cancer 1993, 67, 701-705. 
100. Laakso J, Kulvik M, Ruokonen I, Vähätalo J, Zilliacus R, Färkkilä M and Kallio M. Atomic emission 
method for total boron in blood during neutron-capture therapy. Clin Chem 2001, 47, 1796-1803. 
101. LaHann TR, Sills C, Hematillake G, Dymock T and Daniell G. Cardiovascular toxicities associaties with 
intravenous andministration of p-boronophenylalanine formulations. Advances in Neutron Capture 
Therapy, AH Soloway, RF Barth and DE Carpenter (editors), Plenum Press 1993, 513-517. 
102. Lanoue L, Taubeneck MW, Muniz J, Hanna LA, Strong PL, Murray FJ, Nielsen FH, Hunt CD and Keen 
CL. Assessing the effects of low boron diets on embryonic and fetal development in rodents using in vitro 
and in vivo model systems. Biol Trace Elem Res 1998, 66, 271-298. 
103. Leppälä J, Kallio M, Nikula T, Nikkinen P, Liewendahl K, Jääskeläinen J, Savolainen S, Gylling H, 
Hiltunen J, Callaway J, Kahl S and Färkkilä M. Accumulation of 99mTc-low-density lipoprotein in human 
malignant glioma. Brit J Cancer 1995, 71, 383-387. 
104. Lesnikowski ZJ and Schinazi RF. Boron neutron capture therapy of cancer: Nucleic bases, nucleosides and 
oligonucleotides as boron carriers. Pol J Chem 1995, 69, 827-840. 
105. Lim SM, Choi TH, Choi CW, Hong SW, Woo KS, Chung WS and Lim SJ. 123I-BPA and 123I-BPA-fructose 
complex as a new radiopharmaceutical for the imaging of amino acid transport in tumor. Eur J Nucl Med 
1999, 26, 1198. 
106. Liu HB, Greenberg DD, Capala J and Wheeler FJ. An improved neutron collimator for brain tumor 
irradiations in clinical boron neutron capture therapy. Med Phys 1996, 23, 2051-2060. 
107. Lundquist PG, Baldetorp LA, Forslo H and Nordenskjöld B. Tung partikelterapi vid cancer. Läkartidningen 
1994, 91, 1707-1710. 
108. Locher GL. Biological effects and therapeutic possibilities of neutrons. Am J Roentgenol Radium Ther 
1936, 36, 1-13. 
109. Luo Y and Prestwich GD. Synthesis and selective cytotoxicity of a hyaluronic acid-antitumou 
bioconjugate. Bioconjug Chem 1999, 10, 755-763. 
110. Malan C and Morin C. Synthesis of 4-borono-L-phenylalanine. Synlett 1996, 167-168. 
111. Malan C and Morin C. A concise preparation of 4-borono-L-phenylalanine (L-BPA) from L-phenylalanine. 
J Org Chem 1998, 63, 8019-8020. 
112. Mallesch JL, Moore DE, Allen BJ, McCarthy WH, Jones R and Stening WA. The pharmacokinetics of p-
boronophenylalanine.fructose in human patients with glioma and metastatic melanoma. Int J Radiat Oncol 
Biol Phys 1994, 28, 1183-1188. 
113. Masunaga SI, Ono K, Kirihata M, Takagaki M, Sakurai Y, Kinashi Y, Kobayashi T, Nagasawa H, Uto Y 
and Hori H. Evaluation of the potential of p-boronophenylalaninol as a boron carrier in boron neutron 
capture therapy, referring to the effect on intratumor quiescent cells. Jpn J Cancer Res 2001, 92, 996-1007. 
 35 
114. Masunaga S, Ono K, Kirihata M, Takagaki M, Sakurai Y, Kinashi Y, Kobayashi T, Suzuki M, Nagata K, 
Nagasawa H, Uto Yand Hori H. Potential of alpha-amino alcohol p-boronophenylalaninol as a boron carrier 
in boron neutron capture therapy, regarding its enantiomers. J Cancer Res Clin Oncol 2003, 129, 21-28. 
115. Matalka KZ, Barth RF, Staubus AE, Moeschberger ML and Coderre JA. Neutron capture therapy of a rat 
glioma using boronophenylalanine as a capture agent. Radiat Res 1994, 137, 44-51. 
116. Matsumoto T and Aizawa Q. Prompt gamma-ray neutron activation analysis of boron-10 in biological 
materials. Appl Radiat Isot 1990,41, 897-903. 
117. Mehta SC and Lu DR. Targeted drug delivery for boron neutron capture therapy. Pharmaceut Res 1996, 13, 
344-351. 
118. Mishima Y, Honda C, Ichihashi M, Obara H, Hiratsuka J, Fukuda H, Karashima H, Kobayashi T,  Kanda K 
and Yoshino K. Treatment of malignant melanoma by single thermal neutron capture therapy with 
melanoma-seeking 10B-compound. Lancet 1989a, ii, 388–89. 
119. Mishima Y, Ichihashi M, Hatta S, Honda C, Yamamura K, Nakagawa T, Obara H, Shirakawa J, Hiratsuka 
J, Taniyama K, Tanaka C, Knada K, Kobayashi T, Sato T, Ishida MR, Ujeno Y, Takahashi M, Abe M, 
Nozaki T, Aizawa O, Matsumoto T, Sato T, Karashima H, Yoshino K and Fukuda H. First human clinical 
trial of melanoma neutron capture. Diagnosis and therapy. Strahlenther Onkol 1989b, 165, 251-254. 
120. Mishima Y, Imahori Y, Honda C, Hiratsuka J, Ueda S and Ido T. In vivo diagnosis of human malignant 
melanoma with positron emission tompgraphy using specific melanoma-seeking 18F-DOPA analogue. J 
Neuro-oncol 1997, 33, 163-169. 
121. Miura M, Gabel D, Oenbrink G and Fairchild RG. Syntheses of boronated porphyrins for boron neutron 
capture therapy. Tetrahedron Lett 1990, 31, 2247-2250. 
122. Miura M, Micca PL, Fisher CD, Gordon CR, Heinrichs JC and Slatkin DN. Evaluation of carborane-
containing porphyrins as tumour targeting agents for boron neutron capture therapy. Brit J Radiol 1998, 71, 
773-781. 
123. Miyaura N, Yanagi T and Suzuki A. The palladium-catalyzed cross-coupling reaction of phenylboronic 
acid with haloarenes in the presence of bases. Synth Commun 1981, 11, 513-519. 
124. Mori Y, Suzuki A, Yoshino K and Kakihana H. Complex formation of p-boronophenylalanine with some 
monosaccharides. Pigm Cell Res 1989, 2, 273-277. 
125. Morin C. The chemistry of boron analogues of biomolecules. Tetrahedron 1994, 50, 12521-12569. 
126. Moss RL. Progress towards boron neutron capture therapy at the High Flux Reactor Petten. Basic Life Sci 
1990, 54, 169-183. 
127. Moss RL, Aizawa O, Beynon D, Brugger R, Constantine G, Harling O, Liu HB and Watkins P. The 
requirements and development of neutron beams for neutron capture therapy of brain cancer. J Neuro-oncol 
1997, 33, 27-40. 
128. Murmu N, Gosh P, Gomes A, Mitra S, Das M, Besra SE, Majumdar J, Bhattacharya S, Sur P and 
Vedasiromoni JR. Antineoplastic effect of new boron compounds against leukemic cell lines and cells from 
leukemic patients. J Exp Clin Cancer Res 2002, 21, 351-356. 
129. Nakamura H, Fujiwara M and Yamamoto Y. A concise synthesis of enantiomerically pure L-(4-
boronophenyl)alanine from L-tyrosine. J Org Chem 1998, 63, 7529-7530. 
130. Nakao H, Morimoto T and Kirihata M. Asymmetric synthesis of optically pure L-p-boronophenylalanine 
by a hybrid process. Biosci Biotech Biochem 1996, 60, 683-684. 
131. Nichols TL, Kabalka GW, Miller LF, Khan MK and Smith GT. Improved treatment planning for boron 
neutron capture therapy for glioblastoma multiforme using fluorine-18 labeled boronophenylalainen and 
positron emission tomography. Med Phys 2002, 29, 2351-2358. 
132. Nyomora AM, Sah RN, Brown PH and Miller RO. Boron determination in biological samples by 
inductively coupled plasma atomic emission and mass spectrometry: effects of sampl dilution methods.  
Fresenius J Anal Chem. 1997, 357, 1185-1191. 
133. OECD, Organisation for Economic Co-operation and Development, OECD Series on principles of good 
laboratory practice and compliance monitoring, Paris, France 1998. 
134. Oldendorf WH. Brain uptake of radiolabeled amino acids, amines, and hexoses after arterial injection. Am J 
Physiol 1971, 221, 1629-1639. 
 36 
135. Packer S, Coderre J, Saraf S, Fairchild R, Hansrote J and Perry H. Boron neutron capture therapy of 
anterior chamber melanoma with p-boronophenylalanine. Invest Ophth Vis Sci 1992, 33, 395-403. 
136. Paterson I, Delgado O, Florence GJ, Lyothier, Scott JP and Sereinig N. 1,6-asymmetric induction in boron-
mediated aldol reactions: application to a practical total synthesis of (+)-discodermolide. Org Lett 2003, 5, 
35-38. 
137. Patlak CS, Blasberg RG and Fenstermacher JD. Graphical evaluation of blood-to-brain transfer constants 
from multiple-time uptake data. J Cerebr Blood F Metab 1983, 3, 1-7. 
138. Perks CA, Mill AJ, Constantine G, Harrison KG and Gibson JAB. A review of boron neutron capture 
therapy (BNCT) and the design and dosimetry of a high-intensity, 24 keV, neutron beam for BNCT 
research. Brit J Radiol 1988, 61, 1115-1126. 
139. PIC/S, Pharmaceutical inspection convention and pharmaceutical inspection co-operation scheme, Guide to 
good manufacturing practice for medicinal products, Geneva Switzerland 2002. 
140. Pignol JP and Chauvel P. Irradiations par capture de neutrons: principe, résultats actuels et perspectives. B 
Cancer. Radiother 1995, 82, 283-297. 
141. Pignol JP, Oudart H, Chauvel P, Sauerwein W, Gabel D and Prevot G. Selective delivery of 10B to soft 
tissue sarcoma using 10B-L-borophenylalanine for boron neutron capture therapy. Brit J Radiol 1998, 71, 
320-323. 
142. Pinelli T, Zonta A, Altieri S, Barni S, Braghieri A, Pedroni P, Bruschi P, Chiari P, Ferrari C, Fossati F, 
nano R, Ngnitejeu Tata S, Prati U, Ricevuti G, Roveda L and Zonta C. TAOrMINA: From the First Idea to 
the application to the human liver. Research and Development in Neutron Capture Therapy Sauerwein W, 
Moss R and Wittig A (editors), Monduzzi Editore, Bologna, 2002, 1065-1072. 
143. Probst TU. Methods for boron analysis in boron neutron capture therapy (BNCT)- A review. Fresenius J 
Anal Chem 1999, 364, 391-403. 
144. Prusoff W, Lin TS, Pivazyan A, Sun AS and Birks E. Empirical and rational approaches for development 
of inhibitors of the human immunodeficiency virus—HIV-1. Pharmacol Ther 1993, 60, 315-329. 
145. Raaijmakers CPJ, Konijnenberg MW, Verhagen HW and Mijnheer BJ. Determination of dose components 
in phantoms irradiated with an epithermal neutron beam for boron neutron capture therapy. Med Phys 1995, 
22, 321-329. 
146. Reddy NK, Kabalka GW, Longford CPD, Roberts J and Gotsick T. 4-[B-10]Borono-2-[F-18]fluoro-L-
phenylalanine-fructose complex for use in timing boron neutron capture therapy (BNCT). J Labelled 
Compd Radiopharm 1995, 37, 599-600. 
147. Roberts DC, Suda K, Samanen J and Kemp DS. Pluripotential amino acids I. (L)-p-
dihydroxyborylphenylalanine (L-Bph) as a precursor of L-Phe and L-Tyr containing peptides; specific 
tritation of L-Phe-containing peptides at a final step in synthesis. Tetrahedron Lett 1980, 21, 3435-3438. 
148. Rogus RD, Harling OK and Yanch JC. Mixed field dosimetry of epithermal neutron beams for boron 
neutron capture therapy at the MITR-II research reactor. Med Phys 1994, 21, 1611-1625. 
149. Rosenthal MA, Kavar B, Hill JS, Morgan DJ, Nation RL, Stylli SS, Basser RL, Uren S, Geldard H, Green 
MD, Kahl SB and Kaye AH. Phase I and pharmacokinetic study of photodynamic therapy for high-grade 
gliomas using a nvel boronated porphyrin. J Clin Oncol 2001, 19, 19-24. 
150. Ryynänen P, Kortesniemi M, Coderre JA, Diaz AZ, Hiismäki P and Savolainen S. Models for estimation of 
the 10B concentration after BPA-fructose complex infusion in patients during epithermal neutron irradiation 
in BNCT. Int J Radiat Oncol Biol Phys 2000, 48, 1145-1154. 
151. Ryynänen P, Kangasmäki A, Hiismäki P, Coderre J, Diaz AZ, Kallio M, Laakso J, Kulvik M and 
Savolainen S. Non-linear model for the kinetics of 10B in blood after BPA-fructose complex infusion. Phys 
Med Biol 2002 47, 737-745. 
152. Ryynänen P. Kinetic mathematical models for the 111In-labelled bleomycin complex and 10B in boron 
neutron capture therapy. Academic Dissertation –thesis, Univerisity of Helsinki, 2002. 
153. Samsel EG. Enantioselective synthesis of L-(–)-4-boronophenylalanine (L-BPA). US patent No 5,157,149, 
1992 
154. Sauerwein W. Principles and history of neutron capture therapy. Strahlenther Onkol 1993, 169, 1-6. 
155. Savolainen S and Kallio M. Boori-neutronikaappaushoidon uusi tuleminen. Arkhimedes 1993, 4, 338-349. 
 37 
156. Savolainen S, Auterinen I, Kallio M, Kärkkäinen M, Kosunen A, Aschan C, Benczik J, Färkkilä M, 
Hiismäki P, Kaita K, Kulvik M, Ryynänen P, Seppälä T, Séren T, Tanner V, Toivonen M, Vähätalo J and 
Ylä-Mella H. The Finnish neutron capture therapy program - an overview on scientific projects. Advances 
in Neutron Capture Therapy Vol I  Larsson B, Crawford J and Weinreich R (editors), Elsevier Science 
B.V., Amsterdam, 1997, 342-347. 
157. Seppälä T, Vähätalo J, Auterinen I, Kosunen A, Nigg DE, Wheeler FJ and Savolainen S. Brain tissue 
substitutes for phantom materials in neutron capture therapy dosimetry. Rad Phys Chem 1999, 55, 239-246. 
158. Seppälä T. FIR 1 epithermal neutron beam model and dose calculation for treatment planning in neutron 
capture therapy. Academic Dissertation –thesis, Univerisity of Helsinki, 2002. 
159. Shull BK, Spielvogel DE, Head G, Gopalaswamy R, Sankar S and Devito K. Stuides on the structure of the 
complex of the boron neutron capture therapy drug, L-p-boronophenylalanine, with fructose and related 
carbohydrates: chemical and 13C NMR evidence for the beta-D-fructofuranose 2,3,6-(p-
phenylalanylorthoboronate) structure. J Pharm Sci 2000, 89, 215-222. 
160. Sjöberg S, Carlsson J, Ghaneolhosseini H, Gedda L, Hartman T, Malmquist J, Naeslund C, Olsson P and 
Tjarks W. Chemistry and biology of some low molecular weight boron compounds for boron neutron 
capture therapy. J Neuro-oncol 1997, 33, 41-52. 
161. Slatkin DN. A history of boron neutron capture therapy of brain tumors. Brain 1991, 114, 1609-1629. 
162. Snyder HR, Reedy AJ and Lennarz WJ. Synthesis of aromatic boronic acids. Aldehydo boronic acids and a 
boronic acid analog of tyrosine. J Am Chem Soc 1958, 80, 835-838. 
163. Soloway AH, Wright RL and Messer JR. Evaluation of boron compounds for use in neutron capture 
therapy of brain tumors. I. Animal investigation. J Pharm Exp Ther 1961, 134, 117-122. 
164. Soloway AH, Tjarks W, Barnum BA, Rong F-G, Barth RF, Codogni IM and Wilson JG. The chemistry of 
neutron capture therapy. Chem Rev 1998, 98, 1515-1562. 
165. Stragliotto G and Fankhauser H. Biodistribution of boron sulfhydryl for boron neutron capture therapy in 
patients with intracranial tumors. Neurosurgery 1995, 36, 285-293. 
166. Studenov A, Ding Y-S, Ferrieri R, Miura M, Coderre J and Fowler JS. Synthesis and PET studies of 
[11C]D- and [11C]L-boronophenylalanine for improving BNCT in brain tumors. J Labelled Cpd 
Radiopharm 2001, 44, Suppl. 1, S345-S347. 
167. Stöcklin G and Pike VW. Radiopharmaceuticals for positron emission tomography. Kluwer Academic 
Publishers, the Netherlands, 1993. 
168. Suominen M. Biomolekyylien karboraanijohdosten syntetiikkaa. Pro gradu -thesis, University of Helsinki, 
1998. 
169. Suominen M, Vähätalo J, Yli-Kauhaluoma J and Hase T. Synthetic Approaches to a Novel Iodinated 
Analogue of BPA. Frontiers in Neutron Capture Therapy Hawthorne MF, Wiersema RJ and Shelly K 
(editors), Kluwer Academic/Plenum Publishers, New York, 2001, 839-841. 
170. Svantesson E, Capala J, Markides KE and Pettersson J. Determination of boron-containing compounds in 
urine and blood plasma from boron neutron capture therapy patients. The importnace of using coupled 
techniques. Anal Chem 2002, 74, 5358-5363. 
171. Sweet WH and Javid M. The possible use of neutron-capturing isotopes such as boron10 in the treatment of 
neoplasms. J Neurosurg 1952, 9, 200-209. 
172. Sweet WH, Soloway AH and Brownell GL. Boron-slow neutron capture therapy. Acta Radiol 1963, 1, 114-
121. 
173. Sweet WH. Early history of development of boron neutron capture therapy of tumors. J Neuro-oncol 1997, 
33, 19-26. 
174. Tagaki M, Oda Y, Miyatake S, Kikuchi H, Kobayashi T, Sakurai Y, Osawa M, Mori K and Ono K. Boron 
neutron capture therapy: preliminary study of BNCT with sodium borocaptate (Na2B12H11SH) on 
glioblastoma. J Neuro-oncol 1997, 35, 177-185. 
175. Takahashi Y, Imahori Y and Mineura K. Prognostic and therapeutic indicator of fluoroboronophenylalanine 
positron emission tomography in patients with gliomas. Clin Cancer Res 2003, 9, 5888-5895. 
176. Tamat SR, Moore DE and Allen BJ. Determination of boron in biological tissues by inductively coupled 
plasma atomic emission spectrometry. Anal Chem 1987, 59, 2161-2164. 
 38 
177. Taylor HJ and Goldhaber M. Detection of nuclear disintegration in a photographic emulsion. Nature 
(Lond.) 1935, 135, 341-348. 
178. Tong JH, Petitclerc C, D’Iorio A and Benoiton NI. Resolution of ring substituted phenylalanines by the 
action of alpha-chymotrypsin on their ethyl esters. Can J Biochem 1971, 49, 877-881. 
179. Torssell K. Zur Kenntnis der Arylborsäuren. VII* Komplexbildung zwischen Phenylborsäure und Fruktose. 
Arkiv för Kemi 1957, 10, 541-547. 
180. Tsuboi T, Kondoh H, Hiratsuka J and Mishima Y. Enhanced melanogenesis induced by tyrosinase gene-
transfer increases boron-uptake and killing effect of boron neutron capture therapy for amelanotic 
melanoma. Pigm Cell Res 1998, 11, 275-282. 
181. Vanhoe H, Dams R, Vandecasteele C and Versieck J. Determination of boron in human serum by 
inductively coupled mass spectrometry after a simple dilution of the sample. Anal Chim Acta 1993, 281, 
401-411. 
182. Vähätalo J, Karonen S-L, Suominen M, Kulvik M and Savolainen S. Synthesis of 4-borono-2-[I-125]iodo-
phenylalanine, a New Tracer for Boron Neutron Capture Therapy. Eur J Nucl Med 1997, 24, 989. 
183. Weinreich R, Dos Santos DF, Wyer L, Argentini Mand Hansen H-J. Labelling of BNCT drugs with longer 
lived positron emitters. Advances in Neutron Capture Therapy vol. II, B Larsson, J Crawford and R 
Weinreich (editors) Plenum Press, 1997, 295-298. 
184. WHO, World Health Organization, Trace elements in human nutrition and health, Geneva, Switzerland 
1996. 
185. Wittig A, Sauerwein WA and Coderre JA. Mechanisms of transport of p-borono-phenylalanine through the 
cell membrane in vitro. Radiat Res 2000, 153, 173-180. 
186. Woodburn K, Phadke AS and Morgan AR. An in vitro study of boronated porphyrins for potential use in 
boron neutron capture therapy. Bioorgan Med Chem 1993, 3, 2017-2022. 
187. Wyzlic IM, Tjarks W, Soloway AH, Anisuzzaman AKM, Rong F-G and Barth RF. Strategies for the design 
and synthesis of boronated nucleic acid and protein components as potential delivery agents for neutron 
capture therapy. Int J Radiat Oncol Biol Phys 1994, 28, 1203-1213. 
188. Yanch JC, Shortkroff S, Shefer RE, Jonhson S, Binello E, Gierga D, Jones AG, Young G, Vivieros C, 
Davison A and Sledge C. Boron neutron capture synovectomy: Treatment of rheumatoid arthritis based on 
the 10B(n,α)7Li nuclear reaction. Med Phys 1999, 26, 364-375. 
189. Yoshino K, Suzuki A, Mori Y, Kakihana H, Honda C, Mishima Y, Kobayashi T and Kanda K. 
Improvement of solubility of p-boronophenylalanine by complex formation with monosaccharides. 
Strahlenther Onkol 1989, 165, 127-129. 
190. Zaidlewicz M, Cytarska J, Dzielendziak A and Ziegler-Borowska M. Synthesis of boronated phenylalanine 
analogues with a quaternary center for boron neutron capture therapy. Arkivoc 2004, iii, 11-21. 
191. Zhou R, Balasubramanian SV, Kahl SB and Straubinger RM. Biopharmaceutics of boronated 
radiosensitizers: liposomal formulation of MnBOPP (manganese chelate of 2,4-(alpha, beta-
dihydroxyethyl)deuterioporphyrin IX) and comparative toxicity in mice. J Pharm Sci 1999, 88, 912-917. 
